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SUM~1ARY 
This study was carried out to determine a possible biochemica l 
basis for the photdsynthetic response of plants adapted to contrastin g 
thermal environments. 
Studies of the temperature response of photosynthesis indicate 
that species are adapted to their natural habitat by possessing 
temperature optima for this process which parallel the optimum temper-
ature for growth and the mean temp erature of the growing season. 
Although closely adapted to the habitat temperature, these species 
still maintain phenotypic flexibility which enables them to undergo 
short-term acclimation to small shifts of temperature, by altering 
the optimum temperature for photosynthesis in the direction of the 
temperature change. 
The maximum specific activity of the key carboxylating enzymes 
is also found at temperatures close to those giving maximum photo-
synthesis, and this suggests that sufficient levels are maintained 
( i) 
to account for the measured rates of photosynthesis over the temperature 
range studied. The difference in activity levels below the optimum 
temperature appears to be due to changes in the quantity of the active 
enzyme, not to synthesis of more protein. 
The ability of the thermophilic spectes to photosynthesise at 
high temperatures (50°C) is not due to their possessing intrinsically 
heat stable enzymes, but to their ability to continue rapid protein 
synthesis at high temperatures to offset that lost by denaturation . 
Mesophilic species, although possessing carboxylating enzymes with 
similar thermal stabilities to those of thermophiles, cannot maintain 
protein synthesis at high temperature&, and thus photosynthesis would 
be expected to cease at lower temperatures in mesophiles than in 
( ii) 
thermophiles. The thermolability of PEP carboxylase in the psychro-
phile , Caltha , may explain its inability to photosynthesise above 40°C. 
K values obtained for RuDP carboxylase from species adapted 
m 
to contrasting temperatures show no change with temperature and 
appear not to be important in controlling adaptation in higher plants. 
E values exhibit a tre nd which parallels the optimum temperature for 
a 
photosynthesis of a range of species studied, and therefore may be 
an i mportant mechanism controlling adaptation, by maintaining adequate 
rates o f photosynthesis over the t emperature range normally experienced 
for growth . 
The ability of chilling-resis tant species to photosynthesise at 
temperatures between 0° and 15°C ma y be due to their possessing enzymes 
associated with a membrane or a lipid environment , which maintains 
flexibili ty at these chilling t emperatures because of the high 
concentra tion of unsaturated fatty acids. This flexibility ensures 
that the configuration of the active site, and thus the enzyme activity, 
is not altered, as probably occurs in chilling-sensitive plants , at 
t t below ls oc. empera ures 
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GENERAL INTRODUCTION 
Although many reports have appeared in the literature conce rning 
the adaptation of micro-organisms to the environment, and various 
adaptive mechanisms proposed, especially for temperature adaptation 
(Langridge 1963; Friedman 1968), little work has been carried out 
to determine the biochemical mechanisms operating in higher plants 
to ensure adaptatio~ of growth and photosynthesis to a particular 
habitat. 
1 
Many environmental factors control plant growth and development, 
including water availability, light quality and quantity, and temperature 
and these may act independently or conjoint ly in regulating adaptive 
responses. Species adapted to a particular h ab itat must be able to 
cope with the small fluctuations which occur in their own environment. 
They may achieve this either by maintaining a constant internal 
environment despite the widely varying external conditions or by their 
ability to physiologically tolerate a wide range of different conditions 
in their internal environment. The ability to resist changes in t~e 
external environment, so that the phenotype remains constant, depends 
primarily on buffering phenomena known as homeostasis, as shown for 
Arabidopsis thaliana (Griffing and Langridge 1963). 
-
As well as these small environmental fluctuations which may be 
experienced by a species in a particular habitat, large seasonal 
variations can also occur, and the genotype must develop adaptive systems 
so that growth and reproduction are geared to these changes. If such 
extreme changes do occur, buffering is no longer possible and, to ensure 
survival, the genotype must produce adaptive phenotypes which may be 
transient or which may' be irreversible adap tations to the environment 
in which the plant develops. 
' ' 
Although many environmental factors do influence plant growth, 
temperature was chosen for this study of adaptation because it is 
very important in regulating the distribution of species to different 
habitats, it is a simple parameter to control for experimental purposes, 
and results obtained may be compared with those already reported for 
micro-organisms and poikilotherms (Langridge 1963; Friedman 1968; 
Hochachka et al . 1971). 
The growth response to temperature is best defined by the maximum, 
minimum and optimum temperatures for this process. Active plant growth 
is only supported over a limited temperature range, between 0° and 50°C, 
but many species are able to survive outside this range by modifying 
their internal ~emperatures or by utilizing appropriate escape mechanisms 
such as dormancy (Langridge and McWilliam 1967). The range of tempera-
tures over which active growth and survival occurs depends on the 
adaptation of the particular species. 
Since the effect of temperature on cellular metabolism depends 
primarily on the inherent properties of enzymes and of molecular com-
plexes in membranes , then variation between species for the response 
of enzymes to temperatures outside the optimum for growth can provide 
a possible biochemical explanation for adaptation to different thermal 
environments. 
If such a biochemical basis is known, the n it may be possible 
to extend the range of distribution of certain species by· incorporating 
adaptive fe2tures into non-adapted species by conventional breeding 
methods. For this purpose, the specific activities and kinetic 
properties of the two principal carboxylating enzymes in Calvin cycle 
(C 3 ) and B-carboxylation (C 4 ) pathway plants, ribulose 1,5 diphosphate 
carboxylase and phosphoenol pyruvate carboxylase respectively, have 
been studied in an attempt to relate their thermal responses, over the 
temperature range from 0° to 50°C, to the rate s of growth and 
photosynthesis of plants adapted to contrast ing temperature regimes. 
2 
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PA RT A. GROWTH AND PHOTOSYNTHESIS OF SPECIES ADAPTED 
TO CONTRASTING THERMAL ENVIRONMENTS -
I. I NTRODUCTION 
Experiments on the effect of temperature on the growth of plants, 
as measured by relative growth rates and other parameters, have indicated 
optimum temperature s for growth closely correlated wi th the mean tempera-
ture of the particular habitat to which the species is adapted. Many 
temperate species have been reported to have optimum temperatures for 
growth near 25°C; for example, Loliwn perenne (Mitchell 1956) and 
wheat (Friend et al. 1962, 1965). The optimum temperature for growth 
of roots of these species is usually lower than that for top growth 
(Brown 1939). - Non-festucoid (tropical) grasses have a higher optimum for 
growth near 30-35°C; for example, SorghVJn sudanense (Sullivan 1961), 
S. halepense (Ingle and Rogers 1961), Hyparrhenia hirta (McWill iam et al . 
1970) and other tropical grasses (Cooper and Tainton 1968). 
In certain cases the optimum t emperature for growth may not be 
representative of the adaptation of a particular species. Gates et al. 
(1964) found little difference in the growth opt imum of various races 
of Mimulus adapted to a temperature gradient of an environment in a 
latitudinal transect. This apparent discrepancy, however, was due 
to the ability of the different races to maintain a fairly uniform leaf 
temperature along this transect, despite the gradient in ambient air 
temperatures. 
Species with contrasting temperature adaptations also show 
characteristic photosynthe tic behaviour in r e sponse to temperature. 
This is a consequence of adaptation and may also be associated with 
the biochemical pathway for co2 fixation . Two such pathways for 
photosynthesis occur in higher plants, depending largely on their 
adaptation. The classical c3 , Calvin cycle (Calvin and Bassham 1962), 
3 
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operates in most plant species including alpine, temperat e and many 
tropical species (for example, legumes). The S-carboxylation or 
c4 pathway (Kortschak et al. 1965; Hatch and Slack 1966) appears to 
be mainly limited to plants which are adapted to tropical and sub-
tropical regions. Various biochemical, physiological and anatomical 
features have been correlated with the c3 and c4 pathways of photo-
synthesis (Black 1954; Downtonand Tregunna 1967; Slack and Hatch 1967; 
Osmond 1969). 
c4 "tropical" species and the c3 species differ in their photo-
synthetic response to temperature and this difference is dependent on 
the particular adaptation of the plant. "Tropical" species have 
been shown to exhibit higher optimum temperatures for photosynthesis 
than c3 species (Murata and Iyama 1963; Bjorkman et al. 1969; Hofstra 
and Hesketh 1969; Downes 1970). c3 , alpine and arctic species, have 
optimum temperatures for photosynthesis below those of temperate species 
and these lie between 15° to 20°C (Mooney and Billings 1961). 
This type of thermal adaptation of photosynthesis is also 
evidenced in latitudinal races of many plants. Klikoff (1965) looked 
at three timberline meadow grass species which experienced maximum 
air temperatures from 18.3° to 24.0°C and the optimum temperature 
obtained for net photosynthesis paralleled these temperatures. 
Differences in the maximum rates for ph-otosynthesis at these 
optimum temperatures, under high light intensities, exis t between c3 
and c4 species, with the c4 species showing almost twice the rate of 
4 
c3 species (Miller 1960; Hofstra and Hesketh 1969; Osmond et al. 1969). 
Associated with these differences in maximum rates for the photosynthetic 
response to temperature are other physiological differences which may 
help to explain the high rates shown by the c4 "tr apical" species. 
Transportation of assimilates may be an important fac~or 
influencing photosynthetic rates (Ewar t 1896). Zea ma:ys , a c4 
species with a high rate of photosyn thesis , is able to move its 
assimilated carbon rapidly from the leaves (Hofstra and Nels on 1969), 
however temperate species, which have a lower photosynthetic rate, 
show a higher retention of assimilates; for example, soybean 
( Thrower 196 7) and tobacco and pine s.eedlings (Shiroy a et al. 1961). 
No causal relationship has been found for this correlation (Hofstra 
and Nelson 1969) . 
The difference in maximum rates of photosynthesis may also be 
explained by photorespiration. Forrester et al. (1966) and Downes 
and Hesketh ( 1968) have shown that c4 "tropical" species have no 
measurable photorespiration compared with c3 species. Coupled with 
this finding is t he observation that the presence of photorespiration 
is associated with high co 2 compensation points (Downton and Tregunna 
1 96 7). This suggests that these c4 species may be able to maintain 
t heir high photosynthetic rates by conservation of co 2 which is not 
evolved in photorespiration, as occurs in c3 plants. 
The optimum temperatures for growth and photosynthesis of a 
plant are influenced by many factors including leaf age, previous 
environmental experience, co 2 concentration, \ight intensity and 
temperature and, therefore, in any study these conditions must be 
known if comparisons are to be made with results of other workers. 
The temperature range for these two processes, as defined by maximum 
and minimum temperatures, are far more useful determinants of 'plant 
distribution. 
Evans et al. (1964) showed that Festucoid (temperate) grasses 
grew well at temperatures of 15°C and below but tropical species were 
injured and ultimately died following prolonged exposure to these low 
5 
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temperatures. Miller (1960) showed similar minimum temp eratures 
for photosynthesis of tropical species. Alpine species, however, 
often have a temperature minimum for photosynthesis as low as -6°C 
in summer; for example, Ranunculus glacialis (Pisek et al. 1967; 
Billings and Mooney 1968). 
The maximum temperature at which growth ceases in temperate 
species (above about 35°C) is lower than that for tropical species 
(about 50°C). Sirrd.lar differences have been found between maximum 
temperatures for photosynthesis in temperate species (El-Sharkawy and 
Hesketh 1964) and tropical species; for example, Atriplex (Wood 1932) 
and bermuda grass (Murata and Iyama 1963). Many alpine and arctic 
species show little photosynthesis at temperatures above 30°C (Billings 
and Godfrey 1968) and, at the other extreme, Brock (1967) showed that 
blue-green algae growing in hot springs at temperatures from 50° to 
75°C have their most efficient photosynthesis at the environmental 
temperature. 
The effect of tempera ture on plant growth is complex because, 
in addition to its effects on photosynthesis, it also affects related 
processes such as transpiration (Gaastra 1959). Environmental 
conditions influencing photosynthesis and respiration also influence 
stomatal resistance (rs) since the effect of light and co2 on rs 
suggests it is correlated with the co2 concent-ration inside the leaf 
0 (Stalfelt 1956). Photosynthesis and r can in turn be influenced by 
s 
all conditions which affect water uptake, transport and loss from the 
plant; for example, soil-water potential, relative humidity and 
temperature (Slatyer 1960). Therefore, in studying the effect of 
temperature on photosynthesis, transpiration and stomatal changes 
must also be monitored simultaneously and, where possible, controlled 
6 
so values do not alter gre atly. Othe rwise, a pho t osyntheti c 
response which may be a consequence of a change in r could easily 
s 
be attributed to temperature. 
Temperature may act at the physical or biochemical levels of 
plant metabolism. The temperature coefficient (Q10) which repres ents 
the increase in rate for each 10° rise in temperature, when measured 
over the range of 0° to 50°C, may give some idea of the level at 
which temperature acts; for example, a high Q10 usually indicates 
that temperature is limiting enzymatic reactions in non-adapted 
0 
species (Stalfelt 1960). 
Rabonowitch (1956) showed no difference for Q10 or energy of 
activation (E) values for photosynthesis in arctic, temperate and 
a 
tropical plants and, similarly, Forward (1960) showed no change in 
these values for respiration of these species. Thus there appears 
to be no difference in the site at which temperature acts to increase 
photosynthesis and respiration in plants adapted to extremes of 
temperature for growth . The only demonstrated adaptation of the 
respiration process to a colder climate (for example in arctic plants) 
is an increase in the rate of respiration at a given temperature 
( Scholander et al. 1953). Dark respiration appears to be higher in 
alpine than mid-latitude species at all temperatures (Mooney and 
Billings 1961). 
The arctic species showing higher rates of respir~tion often have 
a higher concentration of lipids and carbohydrates in their underground 
storage organs, such as roots and rhizomes, compared with plants in 
moderate climates . The hydrolysis of starch to sucrose in low tempera-
tures would provide the substrates needed for active respiration early 
in the growing season, ' by translocation of carboh ydrate to young shoot s 
and leaves, and would also help to increase cold resistance in these 
7 
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plants (Mooney and Billings 1960). 
Friend (1965) showed the ratio of photosynthesis to respiration 
is r elated to temperature and, t herefore, decreased rates o f photo-
synthesis above the optimum are mainly caused by increased respiration 
los ses in the dark period. The Charles-Edwards ( 1970) tried to 
d e t ermine whether the rate-limiting processes o f photosynthesis at 
high temperatures differed in temperate and tropical species by 
8 
analysing photosynthesis and related processes over a range of 
temperatures for t wo temperate grasses, Lolium perenne and Lo rrrultiflorwn~ 
and one tropica l grass, Cenchru.s ciliaris. They showed that for Cenchrus 
the decline in n~t co 2 exchange above the optimum was due to denaturation 
of enzymes and in the case of Lolium~ photorespiration was affected 
more by temperature than was photosynthesis. By applying the Arrhenius 
equation to net co2 exchange of LoZiwrz; they showed both respiration and 
photosynthesis had E values falling into two d iscrete groups, and 
a 
postulated that these indicated different rate processes for the two 
Lolium species. 
Since the Loliv.m species are both of tempera te origin it seems 
likely that the observed decrease in photosynthesis above the optimum 
may also be due to denatura tion of the enzyme systems as well as to 
an increase in photorespiration, as the species wo uld not be expected 
to possess enzymes more heat-stable than those of the tropical Cenchru.s 
species. This enzyme effect would therefore make interpretation of the 
Arrhenius plots difficult. Although the authors found differences in 
E values for the two LoZium species and postulated different rate 
a 
limiting processes, which is probably correct, t he enzymatic and 
physiological effects n eed to be treated separately before any definite 
statements may be made. 
Before any biochemical study of adaptation could be carried out, 
it was first necessary to characterize the growth and photosynthetic 
response to temp erature of three species adapted to contrasting 
temperature environments. Two of the species used in the study were 
c3 plants (Cal tha and wheat) and one a c4 plant (saltbush). Although 
differences which may be obtained for maximum rates of photosynthesis 
for the three species will perhaps be a result of the different path-
ways involved, due to the factors mentioned above, the temperature 
optima and temperature range exhibited should be a consequence of their 
9 
adaptation. This would be expected because species adapted to contrast-
ing temperatures for growth show photosynthetic responses which are 
characteristic of this adaptation despite the pathway involved in photo-
synthesis; for example, tropical legumes which possess the c3 pathway 
(Hofstra and Hesketh 1969; Wilson and Ludlow 1970). 
II . MATERIAL AND METHODS 
(a) Plant Material and Growth Conditions 
The three species used in this study were chosen because of their 
contrasting temperature adaptations which are given in Table 1. 
TABLE 1. Adaptation of Caltha, wheat and saltbush 
• I 
Species Characteristic 
adaptation 
Representative 
area to which 
adapted 
Mean temperature 
of growing season 
Caltha 
Caltha intraloba 
F . Muell . 
Spring wheat 
Triticum aestivum L. 
cv. Gaba 
Oldman Saltbush 
Atriplex nUJT/JlTUlaria 
Lindl. 
Alpine 
psychrophile 
Temperate 
mesophile 
Semi-arid , 
thermophfle 
* Data for Wagga, N.S.W. 
Mt.Kosciusko 
N.S.W. 
South-East 
Australia 
Deniliquin, 
N.S.W. 
( o C) 
Oct. 6.4° 
* Sept. to Nov. 
16.2° 
Jan. (mean) 24.4° 
(Mean max .) 28.1° 
All plants, other than those studied in situ in the field, were 
grown and measured under various temperature conditions in the Canberra 
phytotron, the design and facilities of which have been described by 
Morse and Evans (1962). Plants were grown to size under natural light 
in a mixture of perlite and vermiculite and were irrigated daily with 
modified Hoagland's nutrient solution. Day temperatures were maintained 
from 8.30 a.m. to 4.30 p.m. and the natural photoperiod was extended 
to 16 hr by incandescent light which provided an intensity of 40 ft-c. 
at plant height. During this preparation period each species was 
maintained at the following day/night temperatures: saltbush 24/19°C, 
wheat 21/l6°C and Caltha at 15/10°C. To study the effect of pre-
conditioning temperatures on photosynthesis of saltbush, plants were 
grown at 24/l9°C, 36/31°C and 40/30°C for four weeks before measure-
ments were made. 
Measurements of photosynthesis in the field were made on young 
leaves from 2-3 year old saltbush plants at Deniliquin. The plants 
were established in an open field and were actively growing at the 
time of the study under conditions of non-limiting soil moisture. 
(b) Growth Analysis 
A detailed analysis of the effect of temperature on the growth 
of saltbush was carried out. Growth analyses were not undertaken 
for Caltha because of its prostrate rosette habit and the clonal nature 
of its propagation . General growth characteristics and development, 
however, were observed over a wide range of controlled temperatures. 
Also, growth rates were not measured for wheat since these have been 
thoroughly documented by Friend et al. (1962, 1965) and these results 
were used to compare with those obtained for saltbush. 
Saltbush plants were moved to growth cabinets for growth rate 
determinations at the time of appearance of the 8th leaf. Plants were 
10 
l 
~till in the exponential growth phase at this stage of development. 
Day temperatures in the cabinets ranged from 25°C to 50°C in 5°C steps, 
and night temperatures in all cases were maintained at 25°C. Growth 
rates were measured under long days (16 hr high light) with light 
provided by a fluorescent and incandescent source with an intensity 
of 3,000 ft-c. at plant height. 
A constant vapour pressure deficit (v.p.d.) of 22.05 nnn Hg was 
maintained at the various day temperatures which is equivalent to a 
R.H. of 30% at 25°C and over 90% at 50°C. The v.p.d. at night was 
maintained at 7.11 mm Hg (70% R.H. at 25°C) in all treatments. 
Following a 7 day preconditioning period, 40 plants from each 
temperature were carefully divided into two matched groups, and half 
were harvested (harvest I). The remaining plants were grown on at 
the respective temperatures for a period varying from 2 to 3 weeks 
depending on the temperature, and were harves ted at a similar develop-
ment stage (harvest II). 
Leaf areas were determined using an air-flow planimeter (Jenkins 
1959), and shoots and roots were oven dried at 80°C. From these 
-1 -1 data, relative growth rates (mg mg day ), rates of leaf area in-
c 2 -2 d -1) d . · 1 . ( -2 -1) crease, cm cm ay an net assimi ation rates mg cm day 
were calculated at each temperature (see Appendix, Section 1). 
-(c) Photosynthesis - Controlled Environment 
( i) Equipment and Techniques 
All measurements of photosynthesis were made on young fully 
expanded leaves, andduring the measurements the plants were maintained 
in a controlled temperature room under artificial light. Photosynthesis 
measurements for each species were repeated on at least five to six 
different genotypes using equivalent leaves and the results presented 
represent typical curves for the particular species. -
11 
Rates of photosynthesis were monitored with two different leaf 
chambers because of the nature of the plants used for the high and 
low temperature runs. 
(ii) High Temperature (above cmibient) 
For high temperature studies (25°C to 50°C) the leaf chamber was 
designed to hold single attached leaves of wheat and saltbush. A plan 
of this chamber is shown in Figure 3 of the Appendix. 
Differences in co 2 concentration between the incoming and outgoing 
air streams were measured with a Grubb Parsons infra-red gas analyser 
(IRGA), model SB-2. The air used was drawn from large PVC balloons 
which were filled from a compressed air supply and which remained stable 
near 0.0315% co2 (315 p.p.m.). 
The system used for control o f air flow, temperature, humidity 
and CO 2 concentration, which was similar to that of Bierhuizen and 
Slatyer (1964), is shown in Figure 5 of the Appendix. The IRGA was 
calibrated using a set of Wosthoff gas mixing pumps. Figure 7 of 
the Appendix shows a typical IRGA calibration chart. 
Humidification of the air stream was achieved by bypassing some 
of the inlet air through water . As the air temperature was increased 
for high temperature runs, the amount of inlet air bypassed through 
water was increased. Care was taken to control the humidity at any 
particular air temperature to ensure that condensation did not occur 
in the leaf chamber and the air lines during operation. 
The leaf in the chamber was exposed to air exchanging at about 
3 litres/min (Gaastra 1959) in an open circuit. This was to ensure 
co 2 differentials between 10-20 p.p.m. Recycling of air to increase 
turbulent flow across the chamber (bypass flow) was regulated by Austen 
pumps at a r ate of 15 litres/min. 
in Figure 8 of the Appendix. 
The flo~~neter calibration is shovm 
12 
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Temperature control of the air stream was achieved by passing 
the air through copper coils immersed in a thermostatically controlled 
water bath before entering the leaf chamber. A ~raun thermomix Mk .II 
was used to maintain temperature control. Water from this bath was 
also circulated through water jackets above and below the leaf chamber . 
For leaf temperatures below l5°C, a refrigeration unit was necess ary, 
as described in Section c (iii). 
The temperature of the leaf was measured by copper constantan 
thermocouples in contact with the underside the leaf. The reference 
thermojunction was a constant temperature water bath set at 30°C. 
Root temperatures were maintained at 25°C by a Braun thermomix in a 
water bath. Temperature control was maintained by a switchboard 
which could engage heating or refrigeration as necessary. 
Light to the leaf was provided by a 1500-W quartz iodine l amp and 
intensity was regulated by varying the dis tance between the lamp and 
13 
the leaf chamber with a pulley system. Radiation from the lamps passed 
through a 4" thick water layer and persp ex before reaching the leaf. 
For high temperature measurements the lamp was adjusted to give intens-
ities up to 0.5 langleys/rnin of photosynthetically active radiation 
(PAR - 400 to 700 nm) at the leaf surface. Radiation over the 400 to 
700 nm range was monitored by silicon Solar cells (using BG38 and GG19 
Schott and General filters) mounted in the chamber at the level of the 
leaf. The solar cell in turn was cal ibrated with an RG715 ( infra-red) 
filter against a Kipp solarimeter mo unted at the position normally held 
by the leaf (McPherson 1969) . 
For transpiration measurements, samples o f air were taken from 
the main air stream before and after passing through the leaf chambers 
and were passed through a copper coil in a 30°C constant-temperature water 
bath . Two differential psychrometers were used for transpiration measure-
ments (Bierhuizen and Slatyer 1964). 
• 
u 
To record I RGA and psychrometer read ings, light intensity, and 
leaf temperatures during the t emperature resp onse runs, an 8-channel 
potentiometri c recorder was fitt ed into the system. A typical chart 
recording is shown in Figure 9 of the Appendix . Zero readings were 
taken at intervals during the temperature-response runs as a reference . 
The chart print-out is explained in Section 5 of the Appendix . 
Before each series of photosynthesis measurements , plants were 
brought from the phytotron to the controlled temperature room and 
14 
left in the dark overnight. Readings were begun early the next morning . 
Temperature was increased slowly from 25°C to 50°C (fo r high t emperature 
. measurements), decreased again to 25°C, then left overnight and rerun 
from 25°C to 50°C the following day. This was done to deter mine the 
extent, if any, of temperature damage which may have occurred. Low 
temperature runs, described in the following Section (C, iii) were 
carried out in a similar manner by running from 30°C down to 2°C, and 
then increasing up to 40°C, with a repeat run on the following day. 
During both runs, readings were allowed to reach a steady stat e 
for about ha lf an hour, before i n creasing or decreasing the temperature . 
Plants remained in the chamber for no more t han five hours each day for 
photosynthesis measurements. As soon as the leaf , or p l ant, was re-
moved from the leaf chamber, leaf areas were traced and the outline 
measured by an air-flow planir.'J~ter (Jenkins 1959). 
Temperature response of dark respiration was monitored for the 
three species over both temp erature ranges. 
(iii) Low Temperature Measurements (below ambient) 
A small assimila tion chamber was designed specifically to accommodate 
whole plant tops of Caltha and s al tbush for measurements of photosynthesis 
at temperatures below ambient (Figure 4 of t he Appendix). This chamber 
was positioned at the bottom o f a water tank with a 5 inch layer of water 
.. 
• 
I 
above the chamber. To maintain lea f t emp eratures from 2°C to l5 °C 
a refrigeration unit was used to circulate glycol t hrough copper coils 
in this water tank, which surrounded the leaf chamber. The tank was 
also used to cool the incoming air stream (see Figure 6 of the App end i x 
for details of the system used for control o f air flow). 
Light for these low temperature experiments was provided by a 
500W quartz iodine lamp and intensity at the leaf surface was abou t 0.2 
langleys/min PAR. Transp iLation meas urements were not poss ible due 
to the problem of condensation in the chamber. 
(iv) Data Analysis 
15 
All data obtained were punched on cards and calculated by computer. 
The programme used, with explanations, is shown in Section 7 of the 
Appendix. For evaluating the co mp onents of photosynthesis and trans-
piration the equations of Gaastra (1959) were used (see Section 6 of 
the Appendix). 
In the initial studies of high temperature response , transpiration 
rates and stomatal resistance (r) values for wheat and saltbush increased 
s 
greatly with increasing temperature and thus confounded evaluation of 
photosynthesis data with respect to temperature. To overcome this 
problem, the air entering the chamber was humidified and humidification 
was increased with increasing tempera ture. Small changes in r were 
s 
still obtained so values of net photosynthesis were corrected for changes 
in r to indicate the real temperature effect on photosynthesis. The 
s 
correction method used is from Gifford (1971) and can b e seen in Section 
6 of the Appendix . 
(d) Photosynthesis - Field Studies 
(i) Equipment 
The equipment used for the study of photosynthesis in the fi e ld 
is a modification of equipment first described by Austin and Longden (1967) 
j 
and later by Shimshi (1969). The modified form of the equipmGnt is 
shown in Figure 1 and the working diagrams in Figure 11 of the Appendix . 
Figure 2 shows a very simple flow diagram o f the equipment. 
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To operate the equipment, the lower cyl inder is filled to a pressure 
of approximately 5 atmospheres from a high pressure cylinder containing 
a mixture of air and labelled carbon dioxide (14co2) of known specific 
activity and co2 concentration. See Sections 9 and 11, respectively, 
14 
of the Appendix for details of the procedure used to generate the co2 
air mixture and for the determination of the specific activity of this 
air mixture. The co2 gas from this cylinder flows through a valve to 
the upper operating cylinder. The operating cylinder is filled to a 
level of 280 mm Hg on the pressure gauge which is calibrated so tha t 
a drop of 280 to 240 mm Hg is equivalent to a 20 seconds exposure time 
of the leaf to 14co ( see below) . 2 
With the outlet tap of the upper cylinder open, labelled air flows 
to the lower plate of the perspex hand-piece to a point where a tyre 
valve is fitted . Once the hand ·l..piece is clamped on the leaf, the t yre 
valve spring is depressed and allows air to flow to the leaf. 
The hand-piece when clamped enclosed only a small area of the leaf 
2 (0.785 cm ) between two silicone rubber rings which mark the leaf with 
zinc oxide paste . Air flows from the tyre valve through fine, 
calibrated capillary tubes which maintain a constant flow rate into the 
chamber clamped above and below the leaf surface, and then through outlet 
tubes to a soda line absorbing column and out to the atmosphere. The 
air is timed to flow over the leaf for 20 seconds and the leaf is t hen 
unclamped . 
A 1 cm diameter disc is then punched from the area delineated by 
the zinc oxide paste and placed di rec tly in chromic acid i n a vial, 
sealed in a McCartney bottle, to be processed by wet digestion. The 14co2 
1 
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Figure 1. The 14co2 equipment in use in the glasshouse 
Figure 2. A simple flow diagram of the 14co equipment 2 
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released by digestion is absorbed by NaOH in the outer container and 
a sample of this NaOH is then mixed with a Triton X-toluene scintillant 
and counted in a liquid scintillation counter. (S ee Section 12 of 
the Appendix for details of the wet digestion technique and counting 
procedure). 
-2 -1 Rates of actual photosynthesis (g cm sec ) are then computed 
directly from the radioactivity counted in the leaf disc and the 
specific activity of the labelled air mixture, using a correction 
factor of 2% for 14c discrimination (Yemrn and Bidwell 1969). In 
practice the rate is calculated by multiplying c.p.m. by a factor of 
(For details see Section 13 of the Appendix). 
The performance of the 14co equipment was determined by compar-2 
ing photosynthesis rates obtained by this method and with the infra-red 
gas analysis equipment described previously. The results of this 
comparison are giv~n in Table 1 of the Appendix. In addition, to 
determine further the ability of this 14co 2 technique to detect 
differences in rates of photosynthesis, the daily course of photo-
synthesis was followed for several species grown in the Canberra 
pl:ytotron under conditions of natural daylight. 
presented in Section 14 of the Appendix. 
(ii) Field Conditions 
These results are 
Photosynthesis of saltbush was measured in the field at 
Deniliquin, N.S . W., during a period of high temperatures in the 
month of January. Measurements were made on several plants every 
hour from 11.00 a.m. to 3.00 p . m. on two successive days. Light 
intensities experienced during the measurement periods ranged from 
0.5 - 0.6 langleys/min and the leaf and air temperatures were measured 
using copper constantan thermocouples. Also, leaf resistances of 
the measured leaves were calculated using a viscous flow porometer. 
19 
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(Bierhui.zec et al. 1965). Values obtained with this parameter 
(R' - sec) cannot be directly compared with stoma t a l resistance 
-1 
values (sec cm ) obtained in leaf chamb er studies. Meidner and 
Mansfield (19 68 ) show a relationship between R' and diffusion 
resistance, where R' = (Diffusion resistance) 2 . However, this 
does not provide an accurate relationship when the effective length 
of the diffusion path through the stomata is TIOt known. Therefore, 
the viscous flow porometer can only be us ed to follow changes in 
stomatal opening while measurements of photosynthesis are being made. 
Values of R' increase exponentially from near zero (stomata fully 
op en) to above 1000 sec when stomata are almost closed. 
III. RESULTS 
(a} Growth Analysis 
The effect of temperature on the growth of saltbush is presented 
in Figures 3b and 4b. Both the relative growth rates of tops and 
the rate of leaf area increase showed a high temperature optimum of 
about 30°C. Saltbush also showed considerable growth at temperatures 
above the optimum, even at day temperatures as high as 50°C. Plants 
gr own at 50°C were all surviving after two weeks exposure to this 
t emperature. 
Dry weights of roots were not included in relative growth rate 
calculations of saltbush (above) because of the inevitable loss of 
s maller root s broken during washing for dry weight determinations. 
However, approximate values were calculated for both the relative 
growth rat e of roots and whole plants, and these are shown in Figures 
la,b of the Appendix along with results for net assimilation rate 
(Figure 2 of the Appendix) . The response of whole plants to tempera-
ture followed the same pattern as that for tops alone, however the 
20 
Figure 3. Temperature response curves for the relative 
-1 -1 growth rate (mg mg day ) of wheat (a) and 
saltbush (b) 
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temperature range used appeare d to be above the optimum for root 
growth and net assimilation rate. 
The temperature response for growth of t he the r mophile , s a l tbush , 
differs from that of a typical temperate t:-iesophi l e such a s wheat 
(Figures 3a and 4a). The graphs for wheat were drawn from the data 
of Friend et al. (1962 and 1965) and are presented for comp arison 
with those for saltbush. At 2,500 ft-c., the light intens ity used 
in these studies, the rate of leaf area increase showed a decrease 
above l5°C. Relative growth rates for whole plants, however, had 
an optimum near 18°C, and thereafter showed a steady decrease with 
increasing t emperature. Few plants survived at 35°c. Although 
the relative growth rates for young wheat seedlings are higher than 
those for saltbush, they differ markedly in their response to high 
temperature. Observations on the growth of CaZ.tha indicate that 
this species is able to grow and flower in alpine regions in Australia 
late in the spring at the time of snow-melt, when temperatures in the 
vicinity of the plant are around 0°C (Figure Sa). Plants also grew 
actively in the Canberra phytotron in 16 hr photoperiods at a day/night 
temperature of 15/10°C (Figure Sb) and 9/4°C, but failed to survive 
at temperatures of 30/25°C and above. 
{b) Photosynthesis and Transpiration (Control.Zed Envi ronment) 
(i) Temperature Response of Photosynthesis 
Temperature response curves for photosynthesis of whea t 
c~d saltbush from 25°C to 50°C are shown in Figure 6, together with 
data for transpiration and stomatal resistance (r ). 
s 
The values for 
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net photosynthesis were corrected for the effects of stomatal resis t ance , 
to obtain the true response of photosynthesis to tempera tur e , and t hese 
adjusted values are shown in Figure 7. All curves s hown ar e represent a-
tive of similar leaves measured for five or six plants. 
Figure 6. Temperature response curves for raw data from 
wheat (a) and saltbus h (b) for photosynthesis 
(o ~- o), transpiration (x) and stomatal 
resistance c~) 
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Corrected temperature response curves for 
-2 -1 photosynthesis (g cm sec ) of wheat (o ~- o) 
and saltbush (g ~ @) 
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Wheat and saltbush differed markedly in the ir optimum temperatures 
for photosynthesis. The spring wheat used had an optimum near 24°C 
whereas saltbush was nearer 35°C. As t emperatures were increased 
above the optimum, saltbush showed little decrease in photosynthesis 
rate and at 50°C still exhibited 49% of the rate achieved at 35°C. 
Wheat, on the other hand, showed a rapid decrease in photosynthesis 
above the optimum and the rate at 50°C was only 19% of the rate at 24°C. 
These differences in wheat and saltbush in response to high temperatures 
might be expected in view of the contrasting temperature conditions 
in their natural habitats. 
The tivo species showed similar maximum rates of photosynthesis 
at their optimum temperatures although saltbush, a c4 species, might 
have been expected to have higher rates than wheat (C 3), as reported 
by El-Sharka'il)7 and Hesketh (1964), under the high light intensities 
which were used in this study (0.5 langleys/min). One possible 
explanation appears to be in the higher r values found for saltbush 
s 
-1 
over the temperature range of 25° to 50°C (2.5 - 3.0 sec cm ) compared 
-1 
with those for wheat (0.4 sec cm ). The higher values in saltbush 
would account for some reduction in photosynthesis due to increased 
resistance to CO 2 diffusion. Saltbush leaves are also known to have 
27 
high reflectance (Anderson, personal communication) which would decrease 
-
the intensity of the incident radiation, and this fact also may provide 
a partial explanation for the lower rates of photosynthesis. 
Figure 8 shows the temperature response curves from 2°C to 40°C 
for Caltha and saltbush under moderate light intensity (0.2 langleys/min). 
Lower light intensity was necessary in these experiments to achieve the 
low leaf temperatures required . Caltha showed relatively high rates 
, 
of photosynthesis below 10°C and had a flat optimum fro m 6° to 15°C. 
Saltbush again showed an optimum for photosynthesis above 30°C as in the 
' ' 
Figure 8. 
L 
-2 -1 Response of photosynthesis (g cm sec ) to 
low temperatures (0° to 40°C) for Caltha (a) 
and saltbush (b ) 
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high temperature/high light studies, indicating that these two species 
differ markedly in their ability to photosynthesise at high and low 
temperatures. Photosynthesis rates of Caltha decreased very rapidly 
above the optimum, until at 40°C the photosynthesis rate was zero. 
Saltbush on the other hand maintained similar high rates at high 
temperatures as shown in Figure 7, but below the optimum the rate fell 
as the temperature approached 0°C. 
Combining the data obtained for photosynthesis at both high and 
low temperatares, composite curves for the effect of temperature on 
photosynthesis from 0°C to 50°C for the three species, Caltha, wheat 
and saltbush, can. be plotted as shown in Figure 9. Table 2 gives a 
summary of the information derived from these curves. 
TABLE 2. Response of photosynthesis to temperature for 
Caltha, wheat and saltbush 
Optimum temperature Maximum Photosynthesis 
( OC) photosynthesis % of maximum 
for r .at:es at (OC) 
Growth · 1 Photosynthesis (g cm-7sec-:r.x 108) 5 15 30 40 
Caltha 10* 10.5° 7.83 90 98 66 0 
Wheat 15-20° 24.5° 13.1 - 77*1-93 67 
Saltbush 30-35° 34.5° 14.4 9 63 90 94 
-
* Optimum for absolute growth 
** Obtained by extrapolation from data in Figure 9 
The optimum temperature for photosynthesis varies between the 
three species and ranges from 10°C for Caltha, whereas it is about 24°C 
for wheat and 35°C for saltbush. These optimum temperatures parallel 
very closely the optimum temp eratures observed for grow th (Tab le 2) and 
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the mean temperature of the areas to which these species are adap ted 
(Table 1). The other cardinal points (maximum and minimum temperatures) 
define ranges of photosynthesis which are also to be expected from the 
adaptation of these species. 
Maximum rates of photosynthesis ob served at the optimum tempera-
ture are also listed for the three species in Table 2. The comparable 
rates found for whea t and saltbush were considerably higher than the 
(7 8 10-B g - 2 -l) b d f C ~th maximum rate . x cm sec o serve or a~ a . The fact 
that whole plant tops were used for Caltha measurements, and the extent 
of mutual shading that occurs with the lower leaves, is probab l y largel y 
responsible for the lower rates found for this species. 
Rates of dark respiration in response to tempera ture were measured 
for the three species. Rates for all species increased with increasing 
temperature from 0° to 50°C. Dark respira tion rates for Caltha ·were 
higher than those shown by the other two species over the t emperature 
range studied. In particular there was a marked difference between 
rates of dark respiration for saltbush and Caltha at higher temperatures. 
At 20°C, although the values for Caltha were relatively low (1.2 x 10-8 g 
-2 -1 
cm sec ) they were more than double the rates for saltbush 
-8 -2 -1 (0.5 x 10 g cm sec ). This difference continued up to 40°C 
where Caltha had rates of 6-7 x 10-S g cm-2 sec-land saltbush about 
3 X 10-S g -2 -1 cm sec 
(i i) Recovery of Photosynthesis after Tenrperature Stress 
With wheat, exposure to temperatures as high as 50°C caused permanent 
injury to the leaf tissue as measured by the reduced rate of photosynthesis 
when the temperature was returned to 25°C. Twenty-four hours later, 
after a 12 hour dark period, the rates were still depressed (Tab l e 3) 
and necrotic areas were apparent on t he leaf. Saltbush on the other 
hand responded immediately to a decrease i n temperature to 25°C, by exhibit-
ing photosynthesis rates equivalent to those measured before experiencing 
• I 
high temperatures. Next morning rates were still equivalent to 
thos e of the previous day (Table 3). 
TABLE 3. 
-2 -1 Rates of photosynthes is (g cm sec ) in 
Day I 
(a) 
(b) 
Day II 
(b) 
wheat and saltbush before (a) and after 
(b) exposure to high temperatures (50°C) 
-2 -1 8 Photosynthesis Rates (g cm sec x 10) 
Wheat Saltbush 
25°C 12.95 8.88 
50°C 2.58 7.53 
2s 0 c 8.81 10.12 
25°C 7.26 9.97 
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There was no detrimental effect of low temperature on the subsequent 
rates of photosynthesis in Caltha and saltbush (results not shown). 
After experiencing temperatures near 0°C, both species responJ ed to an 
increase in temperature to 20°C by exhibiting rates of photosynthesis 
comparable to those shown before exposure to low temperatures. 
(iii) Transpiration 
To control transpiration rates for wheat and saltbush at high 
temperatures, by reducing the stomatal opening, the air entering the 
leaf chamber was humidified above 35°C. Despite this, the rates still 
increased in both species as the temperature rose to high levels in the 
vicinity of 50°C. 
The two species, however, showed' differences in their transnirati.on 
rates (Table 4). At 23° to 25°C, wheat showed rates which were almost 
double those for saltbush. Above 35°C, the air entering the leaf 
chamber was humidified and hence transpiration rates were modified, 
but, despite this, transpiration rates at 50°C were still higher in 
wheat than in saltbush. 
TABLE 4. 
Temperature 
* 
(OC) 
21° 
23° 
25° 
28° 
30° 
33° 
* 50° 
-2 -1 Transpiration rates ( g cm sec ) for wheat 
and saltbush in response to temperature 
Transpiration Rates -2 -1 6 (g cm sec x 10) 
Wheat Saltbush 
11.98 
12.51 4.62 
12.74 7.78 
20.58 8.74 
22.78 9.76 
27.79 10.56 
* * 32.25 12.48 
.t. 
A 
22.12* 37.88 
Rates modified by humidification. 
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T · · f h · d from 12.5 x 10-6 g ranspiration rates o w eat increase -2 -1 cm sec 
-6 -2 -1 
at 23°C to 28 x 10 g cm sec at 33°C. ~s(H20) values over the 
-1 
entire temperature range averaged 0.3 to 0.6 sec cm Saltbush on 
the other hand showed increases over the equivalent range of temperatures 
-6 -2 -1 -6 -2 -1 from 4.6 x 10 g cm sec to 10.6 x 10 g cm sec and rs (H 2o) 
-1 
values averaged 2.5 sec cm . 
(iv) Temperature Acclimation 
A particular species, although adapted optimally to a specific 
habita t, will not survive if it is unable to withstand an extended period 
of temperature change outside that normally experienced during develop ment. 
' ' 
Figure 10. -2 -1 Temperature response of photosynthesis (g cm sec ) 
of saltbush preconditioned at temperatures of 
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24/19° (o ~ o), 36/31° (A~!) and 40/30°C (o ~ e). 
Vertical lines indicate the optimum temperature 
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The extent of such adaptive flexibility has been studied in relation 
to photosynthesis in saltbush. 
Plants were preconditioned at 24/l9°C, 36/31°C and 40/30 ° C for 
four weeks and then the temperature response curves for photosynthesis 
were measured, to determine the effect of such acclimation on the 
temperature response. 
The results of this preconditioning treatment on photosynthesis 
can be seen in Figure 10. When the preconditioning temperature was 
increased from 24°C to 36°C to 40°C, the optimum temperature for 
photosynthesis also showed a parallel increase from 31°C to 35°C to 
38°C. In all other respects, however, the response curves were 
essentially the same as that shown in Figure 9, with rates of photo-
h . h . f 12 to 14 X 10-8 g - 2 -l d . h 0 h synt esis at t e optimum o cm sec an quite ig 
rates still achieved at 50°C. 
( c) Photosynthesis of Saltbush Under Field Conditions 
Rates of photosynthesis, leaf temperatures and leaf resistances 
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for saltbush recorded on two consecutive days in the field at Deniliquin, 
are given in Table 5. 
TABLE 5. 
Time 
11.00 a. m. 
12.00 p. m. 
1.00 p. m. 
2.00 p. m. 
3.00 p. m. 
* 
-2 -1 Rates of photosynthesis (g cm sec ), leaf 
resistance(sec) and leaf temperatures (°C) 
for saltbush in the field at Deniliquin. 
Photosynthesis rates were obtained using 14co 
Te mp er at u re (OC) Photosynthesis 
2 
Leaf 
( g cm-2sec-l x 108) Resistance 
Air Leaf (sec) 
40.3 39.9 7.3 463 
39.8 36.9 8.6 383 
41.3 39.4 6.8 364 
41.3 39.4 7.6 381 
39.5 39.1 5.8 481 
Measured using a viscous flow porometer (Bierhuizen et al . 1965) 
* 
1 
Maximum air shade temperatures on these two days, reco rded by 
the meteorology station at Deniliquin, were 38.7° and 40.1°C, 
respectively. Leaf temperatures ranged from 37°C to 40°C and photo-
8 -2 -1 
synthesis rates from 7.6 to 8.6 x 10- g cm sec Rates at these 
temperatures are less than those obtained using the leaf chamber 
8 -2 -1 (c f. 13.5 x 10- g cm sec at 40°C). This difference is partially 
explained by the fact that conditions experienced in the leaf chamber 
were closer to optimal for humidity and air flow, compared with those 
in the field , and hence higher rates would be anticipated. Also, 
for the leaf chamber studies young fully expanded leaves of plants 
two months old were used, compared with young leaves from plants 2 to 
3 years old in the field. 
The measurements of leaf resistance in the field made with a 
viscous flow porometer indicated values varying between 364 and 481 
sec. A mean value of 400 sec was obtained for R' during the period, 
which indicated that stomata of these leaves were at least partly 
open, which is consistent with the rates of photosynthesis obtained. 
IV. DISCUSSION 
The temperature optima for growth and photosynthesis of Caltha, 
wheat and saltbush are in good agreement with the mean temperatures 
of the growing season in the regions to which lhese species are adapted. 
This correlation between measured optima and habitat temperature 
indicates that these species are well adap ted to function optimally 
under these conditions. 
The species studied were chosen from highly contrasting environ-
ments to maximise the difference in their L~sponse to controlled 
temperatures. These differences were greater at high than at low 
temperatures. 
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• 
Although all species survived and continued to photosynthesize 
at temperatures below l0°C , saltbush was the only species able to 
grow and photosynthesize for extended periods at temperatures above 
40°C wi t hout apparent damage . These results for saltbush support 
the earlier work of Wood (1932) who reported active photosynthesis 
in Atriplex vesicaria at temperatures between 40° and 50°C. These 
findings suggest that saltbush is adapted to a wider range of tempera-
tures than either Cal tha or wheat, which is not surprising since , as 
a perennial in a semi-arid continental clima te, it has t o survive the 
37 
low winter temperatures experienced in these areas and also the extremes 
of high temperat ure during summer. 
The relatively high rates of photosynthesis achieved by saltbush 
at high temperatures (40° to 50°C), under condit ions of high light and 
non-limiting moisture , suggest that this species has a potential for 
rapid growth in the field during spring and summer whenever soil 
moisture is adequate. Actual results obtained for measurements of 
photosynthesis in the field under such conditions tend to confirm this 
view. The maximum rates obtained were lower than thos e observed in 
the leaf chamber studies but represen t substantial rates, and s uggest 
that the controlled environment studies can predict field performance. 
The maximum rates obtained for saltbush in the l eaf chamber were 
higher than those reported previously by Hofstra and Hesketh (1969) for 
A. nwnmu laria , but were equivalent to values obtained with o ther c4 
Atriplex species under similar light intensities (Bj orkman et al . 1969; 
Osmond et al . 1969). 
Caltha , on the other hand, is adap ted t o a narrower r anee of 
temperatures and is part i cularly well suited to grow at temperatures 
near 0°C. It occurs in low snow-pat ch situations in the Kosciilsko 
region of Australia (Costin 1967) and it commences active growth and 
• , 
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flowers during snow melt in early sunnner. The high rates of photo-
synthesis (relative to the optimum rates) observed for Caltha in these 
studies at temperatures below l0°C, provide clear evidence of the 
metabolic activity which occurs in this species at these low temperatures. 
The temperature ~ange for the adaptation of wheat, with respect 
to both growth and photosynthesis, lies between that for saltbush and 
Caltha. The optimum for photosynthesis found in this work ( about 
24°C) was lower than previous values reported by Dm,mes (1970). This 
difference however is probably due to the different conditions under 
which plants were grown. In these studies plants were grown at 
day/night temperatures of 21/l6°C whereas Downes used a growing tempera-
ture of 24/19°C. This difference would be sufficient to lower the 
optimum tempera ture for photosynthesis in plants grovm at 21/16°C. 
Maximum rates of photosynthesis at the optimum temperature 
b . d f h (13 10-8 - 2 -l) · h" d h. h o ta1ne or w eat x g cm sec int is stu y, are 1g er 
than early values reported (Murata and Iyarna 1963); however, they are 
in quite good agreement with maximum rates obtained more recently by 
Downe~ (1970) and Evans and Dunstone (1970) at high light intensities 
of 0.46 langleys/min. 
Transpiration rates obtained for wheat and saltbush in response 
to temperature agree with Downes' (1969) findings for differences in 
transpiration rates between temperate (C
3
) and "tropical" (c
4
) species 
at high light intensities (0.46 langleys/min). He showed that the 
c4 species, such as sorghum, have a lower transpiration rate 
-6 -2 -1 (5 x 10 g cm sec ) at 25°C, than the temperate species such as 
wheat (13 x 10-6 g cm- 2sec-1 ), which he attributed to the higher stomatal 
resistance to water vapour diffusion (r~) in the c
4 
species. 
This ability to maintain photosynthesis while simultaneously 
conserving moisture by regulating transpiration, may also be an i mportant 
• 
' 
adaptive feature of the c4 Atriplex species. In a comparison of 
Atriplex spongiosa (c4) and A. hastata (C 3) under conditions of 
non-limiting moisture , Slatyer (1970) showed that the c4 species 
exhibited higher r' values and correspondingly lower transpiration 
s 
rates. Under increasing moisture stress, however, s tomata of the 
c4 species tended to remain open while those of the c3 species closed 
rapidly. Transpiration rates of the c4 species remained low under 
such conditions and thus the water-use efficiency r emained high. 
A similar relationship of high r' values and lower transpiration 
s 
rates were shown for saltbush in the present study, compared with ,;,1heat. 
Between 23° and ~5°C, wheat showed rates 0.2.6 X 
were more than double those of saltbush (6.2 x 
6 -2 -1 10- g cm sec ) which 
-6 - 2 -1 10 g cm sec ). Even 
at temperatures near 50°C, the rates for wheat were still higher than 
those for saltbush; however, the difference in rates between the t wo 
species was not as great. This latter f eature is in agreement wi t h 
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Downes' (1970) findings that at high ligh t intensities and high t empera-
tures, rates of transpiration of temperate and tropica l species are 
similar. 
The lower transpiration rates obtained may help to explain the 
drought tolerance shown especia lly by Atriplex> and also by many othe r 
c4 species from semi-arid regions, and is undoubtedly an i mportant 
feature of their adaptation to these environments. 
Although the three species Caltha> wheat and saltbush .have be-
come optima lly adapted to their natura l habitats, it is unlikely they 
have done so at the expense of phenotypic flex ib ility. 
The effect of different preconditioning temp eratures on the 
optimum temperature for photosyn thesis in sa l tbush clearly indicates 
that this species is able to aeclimate to periods of prolonged 
increased , or decreased, temperat ur es by modifying its photosynthetic 
• 
' 
response in the direction of the temperature change. This phenotypic 
flexibility acts as a buffering agent against changes of environmental 
temperature. The acclimation process ensures that saltbush, and 
presumably the other two species, are not adversely affected by 
extended periods of altered temperature. 
These differences in temperature response curves of the three 
species make them suitable material for use in further studies of 
adaptation at the level of cellular metabolism and regulation, ·which 
are discussed in the following section. 
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PART B. THE~MAL RESPO NSES OF CARBOXYLATING E 'ZYMES FROM 
SPECIES ADAPTED TO CONTRASTI NG THERMAL ENVIRON MENTS 
I. INTRODUCTION 
Many studies have be en reported on the physiolog ~cal responses 
of plants to various environmental extremes and on their acclimation 
to these extremes, but little work has been done at the metabolic 
level or at the level of metabolic control. Thus the biochemical 
basis of adaptation to various environmental factors is essentially 
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unknown for plant species. Most of the work on temperature adaptation 
has been carr1ed · out with bacteria. These micro-organisms may be 
studied as single cell cultures and have more rapid g,:;neration times 
than higher plants, thus facilitating experimentation. 
Prolonged exposure to temperatures only slightly above the 
optimum for growth of many species causes growth to cease or to be-
come abnormal, often because a single reaction becomes limiting. As 
temperature is further increased, progessively more metabolic steps 
become limiting until finally growth ceases completely. These 
temperature inactivations do not directly involve the genes because 
growth of the organism is restored when it is placed at a lower 
temperature. Normally these high temperature-induced growth deficiencies ! 
(termed lesions by Bonner 1957) can be repaired by the addition of 
specific substances to the growth medium. For example, Es chericia 
coli required glutamine and nicotinamide at 44°C, but not at 37°C 
(Ware 1951). Few temperature lesions have been found in plants. 
Ketallapper and Bonner (1961) showed a requirement for sucrose and 
thiamine or i ibosides in Piswn at high temperatures and biochemical 
mutants have been found for Arahidopsis (Langridge and Griffing 1959) 
and tomato (Langridge and Brock 1961), when these species were grown 
at different temperatures . The mutations involve a block in a 
synthetic pathway essential for growth at certain temperatures . 
J nst as each plant has an optimum for growth , a r ange for 
activity and a range for survival, so do es each enzyme involved in 
plant metabolism. Temperature could affect metabolism by differen t-
ially affecting different enzymes. The effect of temperature on the 
rate of utilization of substrates and products might be expected to 
alter me t ab olism quantitatively, without necessarily causing a 
complete block in one step of a pathway. 
Growth deficiencies may also be caused by the direct effect of 
temperature on enzymes. Baker et al. (1955) (cited by Langridge 
1963), suggested that high temperatures caus e a rapid breakdown of 
enzymes, which are then unable to produce the substrates necessary 
for reactions, thus initiating the biochemi cal events which culminate 
in the expression of a lesion. These workers suggest that organisms 
possessing enzymes with high activation energies are more prone to 
this type of heat denaturation. 
Metabolic imbalance, as indicated by high temperature lesions , 
may occur by a number of means. Langridge (1963) has extensively 
reviewed many of the adaptations at the metabolic level which may be 
acquired by micro-organisms to overcome these lesions, and Langridge 
and McWilliam (1967) discussed these mechanisms more specifically in 
relation to possible temperature adaptations of plants. 
Temperature exerts its influence on metabolic processes at t he 
level of enzyme synthesis, activity or stability, or on other cellular 
components such as membranes, which are often closely associated with 
the functioning of enzyme systems. The type of adaptive mechanism 
operating depends on the species involved and on whether the species 
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is adapted to high or low temperatures. Five main biochemical mechanisms 
1 
appear to control temperature adaptation and examples of these , 
largely drawn from the work with various micro - organisms, are set 
out below. 
(1) Control of enzyme levels by repression and cerepressLon 
of genes for inducible enzymes , or other molecules which control 
protein synthesis, may be a mechanism to control acclimation of a 
particular species. By maintaining temperatur e control of such a 
process, the quantity of enzyme necessary for metabolism may be 
increased o r decreased depending on the response of a rep ressor or 
inducer to temp erature. Examples of this mechanism exist in 
E. coli (Ng and Gartner 1963; Maas and Davis 1952) and in sugarcane 
(Sacher et al . 1963). Horiuchi and Novick (1961) postulated the 
existence of a thermolabile repressor in an E. coli mutant to explain 
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the greater quantity of S-galactos idase synthesized at high temperatures. 
(2) Activation or inactivation of enzymes by temperature acting 
on control molecules may be important in determining which metabolic 
pathway operates at a particular temperature. Swartz et al. (1956) 
suggested that heat activation of enzymes, after extraction from the 
cellular environment, was regulated by a thermolabile inhibitor and 
in the intact cells, this may be a means of altering the direction of 
metabolism, in response to temperature. Activation and inactivation 
of operator or inducer molecules by temperature may also serve this 
purpose of altering the direction of metabolism to a more favourable 
final product. For example, the shift of synthesis from lipid to 
sugar formation at low temp eratures was suggested by Arreguin-Lozano 
and Bonner (1949) to occur by this mechanism . 
(3) Changes may occur in protein synthesis, depending on the 
temperature experienced by an organism during growth. Temperature 
may act at the RNA/DNA level of protein synthesis or may influence the 
1 
rates of synthesis, and such effects may serve as adaptive mechanisms . 
Thermophilic species may be adapted to high temperatures by 
increasing the rate of protein synthesis, to offset the accelerated 
breakdown of enzymes which often occurs at these temperatures. Some 
thermophilic bacteria have been reported to have such a mechanism 
operating at high temp eratures to replace enzymes lost by denaturation 
(Allen 1950; Hancock 1957). 
At low temperatures the inability of some species to grow below 
a certain temperature may be governed by their inability to release 
newly formed ~.RNA from the DNA template (Mehrotra and Khorana 1965). 
Malcolm (1968, 1969) studied the inability of psychrophilic bacteria 
to grow above 25°C and attributed this to temperature sensitivity of 
appropriate aminoacyl-tRNA synthetases. 
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Krajewska and Szer (1967) compared psychrophilic and mesophilic 
representatives of Pseudomonas and reported that the ability of 
psychrophiles to maintain an intact synthesizing system at low tempera-
tures, was due to the continued functioning of ribosomes at lowered 
temperatures, whereas in mesophilic species this did not occur. 
Friedman et al. (1969) have shown in E. coli, which cannot carry out 
cell division below 8°C, that the ribosomal 30S and SOS subunits are 
not able to combine at the initiation site, and hence protein synthesis 
-
ceases. It might therefore be expected that psychrophilic species 
have become adapted to low temperatures by overcoming this lack of 
association of SOS and 30S subunits, and are thus able to form 70S 
subunits at the site where protein synthesis is initiated. 
Pace and Campbell (1967) investigated the stability of ribosomes 
from psychrophilic, mesophilic and therrnophilic strains of Bacillus and 
found a correlation between maximum growth temperature and thermal 
stability of the ribosomes. The stability of the ribosomes was mainly 
t 
' 
a function of RNA-protein interaction. 
(4) Adaptation to high temperatures may be conferred by thermo-
philes possessing proteins, or more specifically enzymes, which are 
more heat stable than those of mesophiles. This stability may be 
an intrinsic property of the enzyme protein or may be conferred by 
association with membranes or by complexing with some heat protective 
substances. 
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Numerous examples of heat stable enzymes from thermophilic species 
exist in the literature. Intrinsic stability to high temperatures 
appears to be conferred by an increase in the number and strength of 
hydrogen and hydrophilic bonds of proteins. For example, a-amylase 
(Campbell 1955) and glyceraldehyde-3-phosphate dehydrogenase (Amelunxen 
1966) of Bacillus stearothermophiZus are reported to be instrinsically 
heat stable. 
Militzer et al. (1950) showed malic dehydrogenase and cytochrome 
oxidase of a thermophilic bacterium were more heat stable in the 
cellular environment. Enzymes in the cell may be more thermostable 
due to protection by membranes; for example, pectinesterase in plants 
(MacDonnell et aZ. 1945); or by heat protective substances. According 
to Wood (1932), the high salt concentration of Atriplex vesicaria 
confers stability on enzymes of this species. Sanwal and Krishnan's 
-(1961) results with aldolase and phosphatase of the cactus Nopalea 
dejecta~ where maximum velocities of reaction were not reached even 
after 15 minutes at 60°C, perhaps suggest a high temperature optimum 
for these enzymes. 
Enzyme stability may depend on the temperature of synthesis, as 
occurs in B. stearothermophiZus (Thompson et al. 1957; cited by Langridge 
1963). This may only be an apparent adaptation , however, because t he 
1 
enzyme may exist in various forms in the cell. With increasing temperatures , 
the p ercentage of a hea t stable enzyme may increase , giv ing an 
app a rent increase in stability to t he system being studied . Most 
of the work in this field h a s been concerned with high t emper a tur e 
stability. However, little is known of the mechanism controlling 
stabili ty at low temperatures. Levitt (1962) proposed that 
psychrophilic species are adapted to low tempera tures by possessing 
enzymes which are stabilized by increased sulphydrl groups. 
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(5) Adaptation may be conferred by an organism having enzymes 
with activation energies (E ) which reflect their habitat temperatures . 
a 
Regulation of adaptation b y · this type of mechanism appears to be 
operating in som~ species, mainly at low temperatures. 
oota et ai. (1956) suggested that in cotyledons, where lipid 
formation occurs at high temperatures, the displacement to the left 
of the equilibrium lipid ~-:r hexose ~ sugar, is due to high tempera tures 
influencing the exothermic step, rather than the endothermic step to 
sugar. Ingraham (1958) postulated that thermophilic bacteria have 
become adapted to high temperatures through possessing enzymes with 
activation energies higher than those of rnesophilic species, and in 
this way are able to regulate the rate of metabolism. 
Examples exist of psychrophiles and cold-blooded poikilotherms 
being adapted to low temperatures through possessing enzymes with a 
low sensitivity to decreased temperature (i.e. small E value s) 
a 
(Sultzer 1961; Vronman and Brown 1963). Brown (1957) reported low 
Q10 values for reactions of the psychrophilic Pse udomoncw 3 compared 
with a mesophilic species. Psychrophiles had higher metabolic rates 
than mesophiles, indicating that the rate decrea se due to a lower Q10 , 
was offset by building up a higher concentration of the rate limit ing 
enzymes. Freed (1965) found an increase in t he concent ra t i on of 
cytochrome oxidase at low tempera ture s in goldfish to co unteract the 
1 
rate decrease produced by these low temperatures. 
However, little evidence of this type of adaptation exists in 
plants, where activation energies and Q10 values were shown to be 
similar in arctic, t emp erate and trupical plants for photosynthesis 
(Rabonowitch 1956) and respiration (Forward 1960). 
Maier et al. (1955) showed non-linearity of Arrhenius plots 
of enzymes from non-adapted cold-s ensitive species at temperatures 
below the optimum, and an increas e in the E value occurred with 
a 
this change. Kavanau (1965) postulated a low temperature reversibl e 
inactivation to explain this phenomenon, where the inactivation is 
due to an increase in intra-molecular hydrogen bonding. An organism 
adapted to low temperatures should not exhibit such a change in E. 
a 
In a non-adapted species the resulting E increase would result in 
a 
a metabolic step limiting growth. Acquired resistance to such a 
state would necessitate an increased production of the rate-limiting 
enzyme or else a change in the E value. 
a 
Recent work with poikilothermic animals (Raison and Ly ons 1971) 
and plants (Lyons and Raison 1970) indicated that E values for 
a 
certain oxidative enzymes from mitochondria showed differences in 
response to temperature (as indicated by the Arrhenius plot), and 
these were correlated with the temperature of adaptation. The 
response to temperature was characterized as a break in the Arrhenius 
plot near 12°C for chilling-sensitive plants, and near 23°C for warm-
blooded animals. 
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This break has been associated with a phase change of the lipi d 
fraction of membranes associated with the enzymes controlling oxid ation . 
The break in the Arrhenius plot resulted in a sudden increase in E 
a 
below the transition t emperature resulting also in a depression of the 
metabolic rate. The flexibility differences between species able to 
1 
adapt to high and low temperatures have been postulated to be due 
to differences in the unsaturated fatty acid conten t of the membrane 
lipids (Johnston and Roots 1964; Roots 1968). A similar conclusion 
was reached by Richardson and Tappel (1962) to exp lain differences 
in swelling rates of mitochondria from rat and fish liver. 
The preceding remarks indicate that many mechanisms for adapta-
tion to high and low temperatures have been proposed and supported 
by experiments with micro-organisms. Some of these mechanisms have 
also been proposed to explain temperature responses of adapted and 
non-adapted plant species, but little experimental work has been 
carried out on metabolism of differently adapted plants. 
The present study is an attempt to cla;rify the position concern-
ing biochemical mechanisms operating in plants in response to 
temperature. The experimental work was designed to determine which 
of the above mechanisms operating in micro-organisms might be 
controlling the functioning of enzymes in plants in response to 
temperature. In particular, an attempt has been made to study the 
thermal , responses of the key carboxylating enzymes involved in 
photosynthesis for a range of c3 and c4 pathway plants adapted to 
contrasting temperature environments. 
II. MATERIALS AND METHODS-
( a) Plant Materials and Growth Conditions 
Caltha~ wheat and saltbush were grown in controlled environments 
with natural light under conditions similar to those for the growth 
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and photosynthesis studies described in Part A at day/night temperatures 
of 15/10°, 21/16° and 36/31°C, respectively. 
For the measurement of specific activities of the two key carboxy-
lating enzymes (RuDP carboxylase and PEP carboxylase ) found in c3 and c4 
1 
plants respectively, plants were gro,;;m over a range of day/nigh t 
temperatures as indicated below: 
Caltha: 
Wheat: 
Saltbush: 
5/5°, 9/4°, 15/10°, 24/19° and 33/28°C; 
15/10°, 21/16°, 24/19°, 33/28° and 36/31°C; 
21/16°, 24/19°, 33/28°, 36/31° and 40/30°C. 
Activation energies (E ) of the enzyme reactions were determined 
a 
for extracts from plants representing wcth c3 and c4 species. The 
details of the species used, the growth temperatures and a rating of 
their response to chilling temperatures in the range from 15° to 2°C 
are given below: 
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Class Growing 
Tempera ture 
Species Chilling 
Rating 
21/16°C 
11 
" 
36/31°C 
" 
11 
" 
" 
* 
Wheat (Triticum aestivwn L.) 
Barley (Hordewn vulgare L.) 
Oats (Avena sativa L.) 
Bulrush Millet 
(Pennisetwn typhoides L. Rich) 
Maize, Fl hybrid (Zea mays L.) 
* Maize, M 11 (Zea mays L.) 
Greenleaf Sudan grass 
(Sorghum sudanense (Piper) Stapf.) 
Wild Sorghum 
(S. verticilliflorwn (Steud) Stapf.) 
** Paspalum (Pas palwn dilatatum Pair.) 
** Johnson grass (S. halepense L.) 
Resistant 
" 
" 
Sensitive 
" 
II 
" 
" 
Tolerant 
" 
1 
** 
Temperature sensitive chlorophyll mutant (Millerd and IcWilliam 1968). 
Material collected from plants growing in the field at Canberra 
in early summer. 
(b) Enzyme Preparations 
The S-carboxylation (c4) pathway plants fix co 2 initially 
in the me sophyll chloroplas ts utilizing phosphoeno l pyruva t e (PEP ) 
carboxylase, and subsequently, following decarboxylation of malate 
and aspartate, refix the co2 in the bundle sheath chloroplas t s, 
utilizing ribulose, 1,5 diphosphate (RuDP) carboxy lase. c3 pathway 
plants fix co2 directly in the mesophyll chloroplasts, utilizing 
RuDP carboxylase. They also possess PEP carboxylase but in low 
quantities. This enzyme in c3 plants catalyses the conversion of 
oxaloacetate to pyruvate, in · carbohydrate metabolism. 
Crude enzyme extracts were prepared by grinding young leaves 
from plants grown at the above temperatures, with sand, in two 
volumes (w/v) of Bicine buffer (pH 7.6 for PEP carboxylase assays, 
and pH 7.8 for RuDP carboxylase) containing 10 mM MgC1 2 and 5 mM 
$-mercaptoethanol. The homogenate was filtered through three 
layers of "rnira-cloth" (Calbiochem). 
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Enzymes were assayedspectrophotometrically at 340 nm by following 
the NADH coupled reaction. RuDP carboxylase (EC.4.1.1.39) from c4 
species was assayed by the method of Andrews and Hatch (1971) and PEP 
carboxylase (EC.4.1.1.31) by the method of Walker (1957). RuDP 
carboxylase from c3 species was assayed by the method of Racker (1957) ! 
(see Section 15, Appendix for details). 
Extracts were pre-incubated with all reagents except RuDP or PEP 
for five minutes. Blank cells contained all reagents except RuDP or 
PEP. Activities were determin2d at 25°C in a Zeiss PMQ II spectro-
photometer. Protein was determined by the method of Lowry e t al. 
(1951) and expressed on a fresh weight basis. 
expressed on a fresh weight or protein basis. 
Specific activity was 
( c) Half- life De terrrrinations 
Young, whole, detached leaves were samp led from Caltha., wheat 
and saltbush. These were immersed in water containing 1 µg/rnl 
cycloheximide to prevent new protein synthesis (Graham et al . 1970), 
then left at 4°C in the dark for 15 hours to allow sufficient time 
for the action of the inhibitor. 
After this period, containers with leaves were incubated over 
a range of temperatures from 20° to 50°C in 5° steps and the initial 
level of activity of PEP carboxylase and/or RuDP carboxylase was 
measured at 25°C. Enzyme a·ssay techniques were as described above. 
At periudic intervals, varying from 5 minutes to 2 hours depending 
on the incubation temperature, leaf samples were taken, the enzymes 
extracted and the level of activity remaining was measured at 25°C. 
Results were plotted as log k/2 (where k is the rate of inactivation 
e 
in minutes) and the time taken to reach half the initial activity 
(half-life) at each temperature was used as a measure of enzyme 
stability. 
Further denaturation studies were carried out as above, but 
without cycloheximide, so that protein synthesis could continue while 
leaves were incubating at the various temperatures. 
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(d) Enzyme Kinetics - Deterrrrination_of Energy of Activation 
(i) Measurements from 15~ to 40°C 
RuDP carboxylase was assayed as above for Caltha., wheat, saltbush 
and bulrush millet over a range of RuDP concentrations of 0.005 mM to 
0.1 mM for c4 species and 0.1 mM to 2 mM for c3 species. Values 
for maximum velocity (V ) and the Michaelis cons tant (K) were 
- max m 
determined from the Lineweaver-Burk plot over the tempera ture range 
Energy of activation values (E) were obtained from an 
a 
Arrhenius plot of log V against the r eciprocal of the abso lute 
max 
temperature. 
(ii) Low (Chilling) Tempe1-iature Measurements (2° to 35°C) 
E values were obtained from assays conducted over a temperature 
a 
range from 2 ° to 35°C, for RuDP carboxylase and PEP c&~boxylase from 
species having either a resistant, tolerant, or sensitive response 
to chilling temperatures. 
E values for PEP carboxylase were determined for wheat, barley, 
a 
and oats (C3 , chilling-resis t~nt); bulrush millet, maize, M 11 maize, 
sudan grass and wild sorghum· ( C 4 , chilling-s ensi ti ve) ; and paspalum 
and Johnson grass (c4 , chilling-to~erant). Also E values for RuDP a 
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carboxylase were determined for barley, oats, bulrush millet and sudan 
grass. In all cases, substrate concentrations (RuDP and PEP) used 
for the determinations of enzyme activity were saturating. 
III. RESULTS 
(a) Specific Activities of Carboxylating Enzymes 
Figure 11 shows the specific activities (µmoles min-l mg 
protein-1 ) measured at 25°C for the appropriate carboxylating enzyme s 
from plants grown at the various temperatures given in Section II (a). 
Both RuDP carboxylase and PEP carboxylase in saltbush show maximum 
specific activities near 34°C, which is close to the optimum temperature 
for photosynthesis of this species. Also, RuDP carboxylase in both 
wheat and Caltha shows maximum levels which are also in good agreement 
with their optimum temperatures for photosynthesis (Table 2). 
To determine whether these changes in specific activity t.µmoles 
. -1 -1 
nun mg protein ) were due to changes in the level of protein, or 
to changes in actual quantities of the active enzymes , a comparison 
of speci fic activities based on fresh weight and on protein levels was 
made for PEP carboxylase in saltbush and for RuDP carboxylase in Caltha 
1 
Figure 11. . -1 -1 Specific activities (µmoles min mg protein ) 
of RuDP carboxylase (@ ~ 0) and PEP carboxvlase 
(o ~- o) in Caltha~ wheat and saltbush grown at 
various day temperatures 
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at 25°C. The plant growth conditions and assay were the same as 
those used previously. 
The curves obtained fo r specific activity in response to 
temperature, based on fresh weight , were very similar in both species 
to those calculated on a protein basis. Also, t he level of protein 
in the leaves per gram fresh weight remained fairly constant a t the 
various growth temperatures . Data for saltbush are presented in 
Table 6 . This suggests therefore that the changes in activity of 
PEP carboxylase and RuDP c a rboxylase are due largely to alterations 
in the quantity of active enzymes. 
TABLE 6. Protein 
a fresh 
and PEP 
PEP carboxylase 
-1 ( µmoles min ) 
protein -1 mg 
g fresh weight -1 
RuDP carboxylase 
-1 (µ mo les min ) 
mg protein-1 _1 g fresh weight 
Pro t ein (mg) 
-1 g fr esh weight 
levels (mg ) and specific activities on 
weight basis measured at 25°C for RuDP 
carboxylase in saltbush grown at the 
temperatures shown 
Growth Temperature ( OC) 
21/16 24/19 27/22 33/28 
.51 .53 .68 .93 
6.7 7.1 7.8 11.7 
.15 .17 .19 .22 
2.0 2.3 2.5 ·2. 8 
13.1 13.3 12.9 13.0 
36/31 
.72 
8.6 
. ll~ 
1. 7 
12.3 
The specific activities of PEP carboxylase and RuDP carboxylase 
obtained f or saltbush and of RuDP c arboxylase from wheat and CaZtha are 
I 
t 
. 
~ 
I 
similar to values previously reported. The values obtained for 
-1 . -1 PEP carboxylase (0.68 µmoles min ~g protein at 27°C) for 
A. nummula:t1ia are similar to those obtained by Downton and Slatyer 
(1971) for this species, as were the levels of protein (13 mg g 
-1 fresh weight ). The level of RuDP carboxylase, however, (0.19 
-1 -1 µmoles min mg protein at 27°C) was almost double that obtained 
by Downton and Slatyer, which was probably due to more effective 
breakage of the bundle sheath cells during grinding. The level 
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found, however, was consistent with the results of Berry et al. (1970). 
The activity of RuDP ~arboxylase for the c3 species was slightly 
higher than that obtained for saltbush (c4) which is also consistent 
.. 
with the findings of Bjorkman and Gauhl (1969) and Berry .~t aZ. (1970). 
(b) Half-life Determinations of Carboxylating Enzymes 
The results obtained for the half-life of denaturation for 
RuDP carboxylase for Caltha, wheat and saltbush and for PEP carboxylase 
of wheat and saltbush in the presence of the protein inhibitor, cyclo-
heximide, are shown in Figure 12. 
Wheat and saltbush showed similar half-lives for both RuDP carboxy-
lase and PEP carboxylase over the entire temperature range, with values 
decreasing as the temperature increased from 25°C to 50°C. The results 
indicate that the carboxylating enzymes of saltbush are not intrinsically , 
more thermostable than those of wheat. RuDP carboxylase in Caltha, 
however, showed half-life values considerably less than those of wheat 
and saltbush over the same temperature range. The value at 50°C 
(21.6 min) for example, was only 1/7 the comparable value for saltbush 
at this temperature. These results suggest that RuDP carboxylase from 
Caltha is more therrnolabile than the carboxylating enzymes of the 
other two species. 
. 
Figure 12. Half-lives for denaturation (log - min.) of RuDP 
e 
carboxylase and PEP carboxylase in Ca l tha (~ ~ ~), 
wheat (o ~ o) and saltbush (+ ~ +) 
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Initial studies of half-life determinations were carried out 
by incubating the crude enzyme extracts , rather than intact leaves, 
prepared as described previously. These were incubated at the various 
temperatures and sampled at intervals to determine the level of 
activity remaining, as with the intact leaves . ValuP~ obtained for 
half-lives using this technique showed the same trend as above, with 
wheat and saltbush exhibiting a similar response from 25° to 50°C. 
However , the actual values for the half-life were much less in these 
crude extracts than for enzymes sampled from whole leaves for both 
wheat and saltbush. 
given in Table 7. 
Data for PEP carboxylase from saltbush are 
TABLE 7. Half-life (hours) for PEP carboxylase in 
crude extracts and in whole leaves of 
saltbush over a range of temperatures 
Source 
25 
Whole leaves 26.0 
Crude extracts 9.5 
Incubation Temperature (°C) 
30 35 40 45 50 
21.5 12.5 9.5 
2.7 1.05 0.27 
5.5 
0.21 
3.0 
0.01 
The increase in stability of the enzymes remaining in the leaf 
suggests that certain substances present in the leaf confer some 
additional stability on the enzymes of wheat and saltbush. It was 
therefore important to continue all further half-life studies with 
whole leaves, so that results obtained would be more realistic. 
By allowing protein synthesis to continue while leaves were 
incubating at the various temperatures , it should be possible to de-
termine the effect of temperature, over the range from 25° to 50°C, 
on this process in wheat and saltbush. Further half-life studies 
were therefore carried out with PEP carboxylase from these two species, 
! 
Figure 13. -1 -1 Specific activity changes (µmoles min mg protein ) 
of PEP carboxylase with time in whole, detached 
leaves of saltbush incubated at 25° (a), 35° (b) 
and 45°C (c) with (o ~ o) and without (G ~ o) 
cycloheximide 
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Figure 14. -1 -1 Specific activity changes ( µmoles min mg protein ) 
of PEP carboxylase with time in whole, detached 
leaves of wheat incubated at 25° (a), 35° (b) and 
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45°C (c) with (o~ o) and without (@ ~ ©) cycloheximide 
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but on this occasion with cyclohexirnide omitted, so that protein 
synthesis was still able to proceed. Specific activities on a 
fresh weight and protein basis, and also protein per g fresh weight, 
were followed with time, in leaves iucubating at the various tempera ture s . 
Differences in specific activity of PEP carboxyi ~s e in response 
to tempera ture were observed both for wheat and saltbush. Figures 13 
and 14 represent the temperature response o f PEP carboxylase (µmoles 
min-l mg protein-1 ) with time at 25°, 35° and 45°C, for saltbush and 
wheat. Specific activities for saltbush (Figure 13) showed an increase 
in level from the initial value soon after leaves were transferred to 
the controlled temperature baths. Levels of activity remained at 
this value for many hours, then eventually a decrease occurred, as 
previous ly obtained in the studies in which cycloheximide was used. 
The increased activity level in saltbush was maintained for 
14 hours from 25° to 40°C and for 6 hours at 45°C. 
increased activity levels for 12 hours at 25°C, after which a decrease 
occurred. As temperature was increased above 25°C, however, the 
time over· which increased activity was maintained in wheat decreased 
very rapidly (Figures 14b,c) until, at 40°C and above, no significant 
increase in activity occurred and the rates of decrease were similar 
to those observed in cycloheximide studies. 
Protein (mg g fresh weight-1 ) (not shown) - exhibited a response 
to temperature similar to that shown by specific activity, indicating 
that new protein was being synthesised during the period the leaf 
remained at the various temperatures. 
{c) Enzyme Kinetics 
(i) Michaelis Cons tant and Activation Energies 
A determina tion of several kinetic parameters was made for RuDP 
carboxylase in Caltha~ wheat, saltbush and bulrush millet over the 
temperature range from 15° to 40°C. 
1 
Determination of the apparent Michaelis constan t (a measure 
of the affinity of enzyme for substrate) (K , RuDP) for RuDP carboxy-
m 
lase showed little or no change with temperature over the range 
(15° - 40°C) studied . The actual values obtained for K (RuDP) 
m 
in Caltha and wheat (c3) and saltbush and millet (c4) are of the 
order previously reported (Table 8). Andrews and Hatch (1971) 
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report ed values for Km (RuDP ) in maize (c4) as low as 0.017 mM and 
Paulsen and Lane (1966) obtained values £or c3 species of 0.1 - 0.2 mM . 
The very low Km obtained for the c4 species thus appears to be character-
istic of this group. 
TABLE 8. E (Kcal mole-1 ) and K (mM) values for RuDP 
a m 
carboxylase activity in species adapted to 
contrasting t emperatures 
Photosynthesis RuDP Carboxylase 
Species Optimum (°C) 
E K (RuDP) 
a m 
(K -1 cal mo le ) (rnM at 25°C) 
Caltha~ (C3) 10.5 5.9 0.30 
Wheat, (C3) 23.5 7.3 0.41 
Saltbush (C4) 34.5 7.9 0.021 
Bulrush (C4) * 35-40 11.0 0.046 
millet 
-
* H. McPherson, personal communication 
V vaJues (maximum velocity of reaction) obtained for RuDP 
max 
carboxylase from the four species , showed an incr ease with increasing 
tempera ture up to 40°C. The E values, calculated from the Arrhenius 
a 
1 
plots (log V plotted against t he reciprocal of the absolute temperature), 
max 
for these plants, showed an increase which paralleled the optimum tempera-
ture for photosynthesis of the four species (Table 8). The lowest E 
a 
-1 
value was obtained for Caltha (5.9 Kcal mole ) which was found to 
h ave an optimum for photosynthesis of 10.5°C (Table 2), and - the 
-1 h ighest value (11. 0 Kca l mole ) was obtained for bulrush millet, 
which had a photosynthetic optimum of 35° - 40°C. The E values 
a 
obtained for wheat and saltbush were intermediate, which is also 
consis t en t wi th their op timum temperatures for photosynthesis. 
(ii) Response to Chilling Temperature s 
Kinetic investigations of PEP carboxylase and RuDP carboxyl ase 
were extende d to the chilling temperature range of 2°C and above for 
a range of c3 and c4 species which differ in their response to 
chilling t emperatures . 
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Because changes in temperature can influence the binding capacity 
of the enzyme for substrate, and thus alter V , the velocity o f 
max 
reaction o f these enzymes was measure d at saturating substrate (PEP 
and RuDP) concentrations to eliminate this possibility. Although 
the previous studies (Section c, i) indicated that the binding 
capacity o f RuDP carboxylase was not altered by temperature, saturat-
ing concentrations were still used for measurements of V . 
max 
Arrhe nius plots of PEP carboxylase for the chilling-sensit ive 
and resistant species showed characteristic differences over the 
temperature range of 2° to 35°C ( Figures 15 a-e; 16 a-c). Below 
15°C all the c4 , chilling-sensitive, species exhibited rates of re-
action which no longer fit the Arrhenius equation. The notable 
feature was the marked discontinuity near 12° - 13°C and the sudden 
three- to four-fold increase in the activation energy, below this 
transition point (Figures 15 a-e). The c3 , chilling-resistant, 
species however showed no devia tion from the Arrhenius equation and 
thus a linear plot was obtained over the entire temperature range 
(Figures 16 a-c). 
1 
Figure 15. Arrhenius plots for PEP carboxylase f rom the c4 , 
chilling-sens itive , plants bulrush millet (a), 
maize (b), M 11 maize (c), sudan grass (d) and 
wild sorghum (e). Numbers indicate E values 
a 
-1 in Kcal mole 
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Figure 16. Arrhenius plots for PEP carboxylase from the c3 , 
chilling-resistant, plants barley (a), oats (b) 
and wheat (c). Numbers indicate E values in 
a 
Kcal mole -1 
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The t wo c4 , chilling-tolerant , species, paspalum and Johnson 
grass, showed a response similar to that of the c3 chilling-resistant 
species (Figures 17a,b). 
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Crude enzyme extracts from maize , a c4 , chilling-sensitive , species 
were treated with 0.5% v/v Triton X-100 befo r e PEP car boxylase was 
assayed for V values. 
max 
This was done in an attempt to determine 
if the break in the plot is associated in some way with a phase 
change in a lipid component , as suggested by Raison and Lyons (1971) 
and Lyons et al. (1971). This substance is a detergent and would 
be expected to release the enzyme from any associated lipid. 
The treatment of the maize PEP carboxylase extracts resulted in 
a linear response for the Arrhenius plot over the entire temperature 
range of 2° to 35°C (Figure 18). The E value obtained from the 
a 
-1 
slope of the line (11.6 Kcal mole ) was intermediate to those pre-
viously obtained without Triton X-100. These results indicate that 
the detergent was effective in altering the enzyme association in 
some way which protects it from undergoing the sudden phase change 
as observed in the untreated enzyme preparation. 
Measurements of activation energy were also made for RuDP 
carboxylase from several of the c3 and c4 species over the same 
temperature range. Both the c3 and c4 species showed a linear 
Arrhenius plot over the entire temperature range from 2° to 35°C 
(Figures 19a-d). 
A summary of the E values obtained for PEP carboxylase and 
a 
RuDP carboxylase above 15°C, for all species studied, is given in 
Table 9. The values obtained for RuDP carboxylase from the c4 
species again are higher than those for c3 species. This findin g 
is consistent with re s ults obtained in the previous section (c, i) 
(Table 8), where the E values tended to parallel the temperature 
a 
of adaptation of the species. 
! 
Figure 17. Arrhenius plots for PEP carboxylase from the c4 , 
chilling-tolerant, plants Johnson grass (a) and 
paspalum (b). Numbers indicate E values in 
a 
Kcal mole -1 
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Figure 18. Arrhenius plots for PEP carboxylase for maize 
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Figure 19. Arrhenius plots for RuDP carboxylase from two 
c4 , chilling-sensitive, plants bulrush millet (a) 
and sudan grass (b), and two c3 , chilling-resistant, 
plants barley (c) and oats (d). Numbers indicate 
E 
a 
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TABLE 9. -1 E values (Kcal mole ) for PEP carboxylase 
a 
and RuDP carboxylase for c3 and c4 species 
Activation Energy (E) (Kcal -1 mo le ) 
Sp ecies a 
PEP Carboxylase RuDP Carboxylase 
Barley 9.0 8.9 
Oats c3 8.4 8.9 
Wheat 4.5 -
, 
' 
Bulrush millet 8.4 11.5 
Maize, Fl hybrid 7.6 -
M 11 Maize 9.1 -
Sudan grass 11.0 14.5 
Wild sorghum 
C4 
11.9 -
Johnson grass 12.3 -
Paspalum * 17.5 -
* Crude extracts were run on G-25 Sephadex immediately 
after grinding to remove phenol oxidase which is very 
active in this species. 
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The results for the energy of activation of PEP carboxy lase for 
the various species are less conclusive, but the general trend of high 
Ea values for c4 species compared with c3 species is also apparent. The 
results of further studies by McWilliam and Phillips (unpublished) with 
a wider range of c4 species tend to confirm this relationship. 
IV. DISCUSSION_ 
These studies strongly suggest ,that the adaptation of plants to 
contrasting temperatures, as evidenced by their growth and photosynthesis , 
is due to differences in their response at the biochemical level. 
I 
I. 
The specific activity at 25°C of PEP carboxy l ase and RuDP 
carboxylase for saltbush, and RuDP carboxylase for wheat and Caltha~ 
determined from plants grown over a range of temp eratures, showed 
a maximum level at temperatures which corresponded to their optimum 
temperatures ,for growth and photosynthesis. Protein levels (mg g 
fresh weight-1 ) showed little change over the range of growth 
temperatures, indicating that the variation in levels of activity 
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was largely due to alterations in actual quantities of the active 
enzyme, rather than to changes in the level of protein. Such 
alterations may be regulated by a repressor/derepressor system which 
could ~3ke available more or less enzyme, depending on the temperature 
for growth. A mechanism of this type, for regulating enzyme levels 
in response to temperature, has been described by Sacher et al. (1963). 
Since the optimum temperature for the specific activity of the 
carboxylating enzymes occurred near the optimum for photosynthesis, 
it appears that at temperatures below this, increased quantities of 
enzyme were not produced to offset the decelerating effect of reaction 
rate which occurs at low temperatures. If this compensatory mechanism 
were operating, levels of activity should be higher at temperatures 
below the optimum for photosynthesis, and these were not observed in 
the present study. 
Above the optimum temperature for photosynthesis, the inter-
pretation of the effect of temperature on levels of enzyme activity 
is confounded because synthesis or activation of enzymes, and increased 
rates of denaturation, occur simultaneously in the leaves at high 
temperature. From the results of specific activity at elevated 
temperatures, it is not possible to determine which of these proceases 
is responsible for the change in the rates of photosynthesis. It is 
suspected that enzyme denaturation does occur in the leaf, and that it 
is offset by increas e d synthesis or activation. 
are considered later in the discussion. 
These poss ibilities 
Treharne and Cooper (1969) attempted to define the optimum 
temperatures for specific activity of the carboxylating enzymes 
by measuring the activity over a range of temperature , for enzymes 
sampled from plants grown at the one temperature. Their results 
are confounded by several factors , including the rapid increase in 
denaturation of enzymes as the assay temperature is increased, and 
also the sub-optimal concentrations of substrates used, and are 
not particularly relevant to the present investigation. 
Since the· levels of carboxylating enzymes of saltbush decreased 
above the optimum temperature for photosynthesis, a mechanism must 
operate in this species to ensure sufficient enzymes for co 2 fixa-
tion, and thus maintain high rates of photosynthesis near 50°C. One 
possible mechanism has been suggested from work with thermophilic 
bacteria which showed that many of these bacteria have enzymes more 
heat stable than corresponding enzymes from mesophilic species 
(Militzer and Tuttle 1952; Langridge 1963). 
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The finding that PEP carboxylase and RuDP carboxylase are more 
stable in vivo in the leaf than in vitro suggests that some substances 
Wood in the cell confer additional heat stability to these enzymes. 
(1932) suggested that sodium chloride in the leaves of Atriplex 
vesicaria acted as a heat protective substance for this species but 
this has not been confirmed. 
The similarity between the half-life values obtained for PEP 
carboxylase and RuDP carboxylase from wheat and saltbush over a wide 
temperature range, indicates that denaturation at high temperatures 
will occur at the same rate in both species. Thermostability, 
therefore, cannot be the mechanism operating in saltbush to ensure 
photosynthesis at high temperatures. Wheat, unlike saltbush, is 
1 
unable to maintain photosynthesis for long at 50°C, despite the 
similarities in enzyme stability, and, therefore, to maintain the 
quantity of enzymes in saltbush necessary to fix co2 at high 
temperatures it must be postulated that increased rates of protein 
synthesis occur in this species at these temperatures. 
Bearing in mind that the carboxylating enzymes of saltbush 
and wheat undergo similar rates of denaturation, then t he ability 
of saltbush to maintain increased levels of PEP carboxylase activity 
for many hours at high temperatures, while l eaves were incubating 
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at the various temperatures, supports the idea that saltbush possesses 
a protein synthesising system which is more temperature stable thail 
that of wheat and, because of this, is able to maintain increased 
rates of protein synthesis at temperatures near 50°C, to maintain 
the leve ls of carboxylating enzymes necessary for the rates of 
photosynthesis observed. A similar mechanism has been reported in 
some thermophilic bacteria to replace enzymes lost by denaturation 
(Allen 1950; Hancock 1957). 
Wheat is unable to maintain increased rates of synthesis above 
30° - 35°C, and thus this species is probably unable to photosynthesize 
at temperatures much above these, due to a lack of available carboxy-
lating enzymes. 
The decrease in the level of activity of PEP carboxylase which 
occurred ultimately in the leaves of saltbush after many hours at 
the various temperatures indicated that either some process connected 
with protein synthesis was eventually affected by high temp eratures, 
or that the substrates necessary for protein synthesis became limiting 
and therefore the high activity could no longer be maintained after 
about 12 hours. 
Although wheat and saltbush were similar with r espect to 
their half-lives, the thermalability of RuDP carboxylase in the 
psychrophile, Caltha~ compared with that of wheat and saltbush, 
may account for failure of this species to photosynthesize much 
above 35°C. The low half-life found in Caltha at 50°C would 
mean that the rate of synthesis of new protein must be extremely 
rapid to replace that lost by denaturation and to maintain a level 
necessary to sustain co2 fixation. It therefore appears that, 
for Caltha~ the rate of enzyme denaturation is greater than the 
rate of synthesis at high temperatures (above 40°C), which would 
explain the failure of photosynthesis under these conditions. 
The preceding results provide no mechanism for control of 
adaptation of photosynthesis to the median range of temperatures 
(15° to 40°C) often experienced by plants during growth. 
K (RuDP) values for RuDP carboxylase for Caltha~ wheat, 
m 
saltbush and bulrush millet showed no change with temperature, 
indicating that control of adaptation in this range was not achieved 
by an alteration in the substrate binding ability of this enzyme, 
a mechanism which could regulate enzyme activity under different 
temperature conditions. These results are in contrast to those 
of Somero and Rochachka (1968) who found a close relationship between 
K (PEP) values and the mean habitat temperature for pyruvate kinases 
m 
in arctic and temperate fish. In all cases low K values (i.e. 
m 
a high substrate affinity) were associated with low habitat tempera-
tures. Baldwin (1971) found a similar relationship in othe~ poikilo-
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therms. Such a mechanism would ensure stable rates of enzyme activity 
when the organism experienced rapid changes in habitat temperatures. 
Values obtained for activation energies of RuDP carboxy lase and 
PEP carboxylase tended to parallel the optimum temperatures for growth 
1 
and photosynthesis of the species studied, and this finding provides 
a mechanism for adaptation over the temperature range of 15° to 40°C. 
Caltha~ a psychrophilic species with a low temperature optimum 
for photosynthesis, has to maintain adequate reaction rates at low 
temperatures (e.g. at the time of snow melt) and achieves this by 
possessing enzymes with a low activation energy. At higher tempera-
tures, however, the rate of reaction will increase rapidly, because 
of the low activation needed, and eventually meta~olic imbalance 
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may occur. This is presumably one of the major features responsible 
for cessat~on of photosynthesis above 40°C in this species. 
Bulrush mtllet, however, in its natural habitat, does not 
epxerience low temperatures during growth and thus probably photo-
synthesizes more efficiently when its enzymes have high activation . 
energies. This would ensure that enzymes are not over-active at 
high temperatures, and would result in a high optimum temperature 
for photosynthesis. At low temperatures, photosynthetic rates 
would be low because thermal activation is not sufficient to sustain 
adequate reaction rates. Photosynthetic responses of this type have 
been observed for many thermophilic species; for example, bermuda 
grass (Murata and Iyama 1963) and corn (Hofstra and Hesketh 1969) and 
may be explained by the activation energies of the carboxylating 
enzymes. 
Wheat and saltbush have activation energies that are intermediate 
and this is consistent with their temperature range for optimum photo-
synthesis. Although saltbush might be expected to have a higher 
activation energy due to the high temperatures it experiences for 
growth during summer, it is a perennial species and must therefore 
be able to control rates of reactions during the cold temperatures 
experienced in winter. Thus, by possessing enzymes with an intermediate 
! 
activation energy, this species is able to r egulate photosynthesis 
to a level adapted to t he two extr emes of winter and summer 
temp er a tur es. 
These r esults however receive no support from Rabonowitch 
(1956) who found simi l ar q10 values for photosynthesis in arctic, 
temperate and tropical plants. The photosynthetic reaction, how-
ever, is a comp l ex process, with tempe ra ture acting at many sites 
besides the biochemical level, and thus it is probably not valid 
to try to relate the tempera ture respons e of the overall reaction 
directly to that of one enzymic process of that reaction. 
The difference in response to chilling temperatures (below 
15°C) obtained for chilling-sensitive and resistant plants provides 
a possible mechanism for adaptation to these temperatures. The non-
linearity of the Arrhenius plot for PEP carboxylase from chilling-
sensitive plants, due to a break occurring below l5°C, and the linear 
plot obtained for resistant species, is consistent with results 
obtained by Lyons and Raison (1970) for species similarly adapted 
to chilling temperatures. 
The elimination of the break in the Arrhenius plot by treating 
enzyme extracts with Triton X-100, suggests that PEP carboxylase is 
associated with some lipid component of the chloroplast membrane or 
is in a lipid environment. Raison and Lyons (1971) also eliminated 
a similar break using Triton X and Nonidet P40, both non-ionic deter-
gents which destroy the integrity of membranes by dissolving the 
lipid fraction. 
Raison and Lyons (1971) proposed that the mitochondrial enzymes 
of chilling-resistant plants were associated with the mitochondrial 
membrane which remained in the "sol" phase even below 15°C, due to 
the high unsaturated fatty acid content of the lipids. Therefore, 
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no change in configuration of the active site would occur, and 
the temperature response of these enzymes would not alter at 
temperatures below 15°C. A similar association may explain the 
temperature response of PEP carboxylase from c3 chilling-resistant 
and c4 chilling-tolerant species, as it has been sugg :~sted by 
Baldry et al. (1969) and Slack et al. (1969) that PEP carboxylase 
may be associated with the outer chloroplast envelope. 
The break in the Arrhenius plot which occurs for c4 , chilling-
sensitive, plants may therefore be due to a phase change occurring 
in a lipid f raction of the chloroplast membrane or some other 
associated lipid, as the temperature is decreased below l5°C. 
The two carboxylating enzymes exist in the cell in quite high 
quantities and therefore the above effect of temperature on their 
activity may not be sufficient to cause cessation of photosynthesis 
at chilling temperatures in "tropical" plants. The effect, however, 
may also be indicative of the temperature response of more important 
rate-limiting enzymes in these species. 
Arrhenius plots obtained for RuDP carboxylase for chilling-
sensitive and resistant species all showed a linear relationship with 
temperature. Since this enzyme is reported to be located in the 
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stroma (soluble phase) of the chloroplast (Park and Pon 1961) and 1 
possibly associated with the highly unsaturated galactolipids of the 
internal lamellae, it would not be expected to exhibit a phase change 
as found for enzymes located outside the chloroplast or associated 
with the phospholipids of the outer chloroplast envelope. 
The capacity of species to adapt to chilling temperatures is 
evident in the c4 chilling-tolerant species, paspalum and Johnson grass . 
These two species, which have close relatives in the tropics, have 
acquired a greater tolerance to low temperature and are now widely 
distributed in a sub-tropical and temperate parts of the world. Both 
/, 
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survive the winter and grow actively during the cool spring at 
Canberra (latitude 33.6°), which has extremely low winter temperatures . 
The mechanism by which this has been evolved is not known, but the 
evidence for the enzyme response to low temperatures suggests that 
a mechanism to protect enzymes from "denaturation" at chilling 
temperatures may be involved. 
GENERAL CONCLUSIONS 
The purpose of this study was to provide a possible biochemical 
basis for the adaptation of plants to contrasting temperatures through 
an understanding of photosynthesis and the thermal propertie~ of the 
primary carboxylating enzymes . 
Initial studies ~f growth and photosynthesis, under a wide 
rang~ of controlled temperatures, indicate that species adapted to 
contrasting temperatures have temperature optima for these processes 
which are closely correlated to the mean temperatures of the environ-
ments. Close adaptation to the thermal environment of the habitat 
is also apparent in relation to extremes of temperature, as evidenced 
by the inability of a typical psychrophile, such as Caltha~ to survive 
at high temperatures much above 30°C, and a similar lack of adaptation 
of thermophilic species at chilling temperatures below 15°C. As 
well as general adaptation to the local thermal environments, plants 
also appear to exhibit short-term acclimation to temperature, as 
shown by the shift in the optimum temperature for photosynthesis in 
saltbush, in the direction of the temperature change. 
The optimum temperature for photosynthesis in the species studied 
is also the temperature at which leaves pessess the maximum quantity 
(specific activity) of the active carboxylating enzymes required for 
the fixation of CO 2 ~ This finding suggests that sufficient levels 
1 
are maintained to account for the measured rates o f photosynthesis 
over the temperature range studied. 
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Investigations of the therma l properties of the carboxylating 
enzymes, RuDP carboxylase and PEP carboxy lase, over the range of 
temp eratures able to support plant growth and deve lop~ent, indicate 
that species have evolved different biochemical mechanisms to main tain 
adequate levels of enzymes to support photosynthesis at these tempera-
tures. 
At high temperatures , the ability of a thermophilic species 
such as saltbush to rhotosynthesize at high rates for extended 
periods does not appear to be due to greater intrinsic stability of 
the carboxylating enzymes, as measured by half-life values, but more 
to the rapid synthesis of protein to offset that lost by denaturation. 
Mesophilic species are unable to continue protein synthesis for long 
at high temperatures and, therefore, denaturation will predominate 
at temperatures much above 35°C, which may explain the cessation of 
photosynthesis under these conditions. In psychrophilic species, 
where half-life values for carboxylating enzymes at elevated tempera-
tures were significantly less than those for both mesophiles and 
thermophiles, denaturation is probably the dominant feature controlling 
the inability of these species to survive at high temperatures. 
For all species, values of the kinetic parameters, K and the 
m 
energy of activation, were determined in an attempt to characterize 
the response of the carboxylating enzymes to temperature. Although 
K sho ed little variation with temperature for the species studied, 
m 
values for the energy of activation tended to increase with increasing 
temperature of adaptation, and appears to be imp ortant in controlling 
adaptation. 
! 
Low activation energies were associated with plants such as 
Caltha~ which experience low t emperatures during mos t of their 
growing cycle, and high activation energies with t ropi cal species 
adapted to high temperatures during growth. By this mechanism, 
species may be able to regulate reaction rates to an opt imum level 
within the range normally experienced for growth. 
The inab i lity of thermophi l i c sp ecies to photosynt hesize a t 
chilling temperatures may be bound up with the high activation 
energies which result in there bei ng insufficient carb oxy l ating 
enzymes for co 2 fixation under these conditions. This may be 
particularly true for RuDP carboxylas e , but may not be i mportant 
for PEP carboxylase, which is usually present in excess in the 
leaves of c4 plants. Similarly, the inability of psychrophilic 
species to photosynthesize above about 40°C may be explained by 
low activation energies which could result in metabolic i mba lance 
at high temperatures due to over-activation of the carboxylating 
enzymes. 
The inability of c4 , chilling-sensitive, species to photo-
synthesize much below l5°C appears to be due to a phase change 
occurring in membrane lipids or a lipid fra:ction associated with 
some enzymes of these species, as shown by the Arrhenius plot of 
PEP carboxylase, which may alter the configuration and thus the 
activity of the enzymes at chilling tempera tures. In chilling-
resistant species, however, this phase change does not occur , 
probably because of the greater proportion of unsaturated fatty 
acids in the lipid fraction which ensures flexibility at chilling 
temperatures. The capacity of species to adapt to chilling 
tempera tures is evident from the tempera ture response of PEP carboxy-
lase in c4 , chilling-tolerant, species which are able to grow 
actively during the spring in t emperate climates . 
79 
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APPENDIX 
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SECTIO 1. Equations for the Calculation of Growth Paramet ers 
for Saltbush 
92 
From l eaf areas and dry weights of roots and shoots the following 
growth parameters were determined for saltbush: 
(1) 
(2) 
(3) 
2 -2 -1 Relative rate of leaf area increase (cm cm day ) 
log D.W. (L.A.II) - log (L.A.I) 
= 
Days between harvests 
-1 -1 Relative growth rate-roots (mg mg day ) 
= 
Days between harvests 
-1 -1 Relative growth rate-shoots (mg mg day ) 
= 
Days between harvests 
(4) Relative growth rates-roots and shoots (mg mg-1day-l) 
(5) 
log D.W. (R + S)II - log D.W. (R + S)I 
= 
Days between harvests 
-2 -1 Net assimilation rate (mg cm day ) 
D.W. (R + S)II - D.W. (R + S)I log L.A.II - log L.A.I 
= X-----------
L.A.11 - L.A. 1 Days between harvests 
where L.A. 2 = Leaf area (cm), 
D.W. = Dry weight (mg) of roots (R), shoots (S) or the total 
of roots and shoots (R + S). 
Subscripts I and II denote harvests I and II, respectively. 
LSD's between means were calculated and are given in the results. 
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2 -1 Temperature response of net assimilation rate (mg cm- day ) 
of saltbush. 
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SECTION 2. Diagrams of the Leaf Chambers used for Controlled 
Environment Studies of Photosynthesis 
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Figure 3a. Side view of the leaf chamber used for studies of photosynthesis 
of wheat and saltbush from 25° to 50°C. 
Air 
Water....---t 
. \ 
,> / 
t,o-,;+-------- --~ . -
, , 
I 
_L ~~,-- -~ 
-1 -·- l 
- I ·-- 1 
~ L--
- .. 1-· 
-· ./1 
-· -· 
97 
",, ~ ( Rl<'" ~,o~ 
?\Jc 
'o '"" \\ 0 0 l"'t 5, 
R,,. a..+ 
C.v n 1 <' o \ \ ~-J..,; 
1°t 'l'l'i f ~.J' C \I('~ 
1\-..,---------o-i--·-----i~-----f • 
Ru...bbe.r 
Seo...l 1 he(' r,'\ o co u. p \ e. 
---- . ~-
Figure 3b. Plane view of the leaf chamber used for studies of 
photosynthesis of wheat and saltbush from 25° to 50°C. 
........ 
Figure 4. Side view (a) and plane view (b) of the 
leaf chamber and cooling tank used for 
studies of photosynthesis of Caltha and 
saltbush from 2° to 40°C. 
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SECTION 3. Air-flow Diagrams and Control Systems for Controlled 
Environment Studies of Photosynthesis Above and Below 
Ambient Temperatures 
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1 
Figure 5. The system used for the control of air 
flow, temperature and humidity from 
25° to 50°C. 
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Air for the leaf chamber used for measurements from 25° to 50°C 
was drawn from large PVC balloons filled from a compressed air supply . 
Nylon tubing was used to carry air through the circuit. Although 
101 
criticism has been made that this tubing picks up CO 2 and thu.s increases 
the CO 2 concentration of the air supply, this was not observed. Monitoring 
the reference air line either directly before the leaf chamber, or after 
passing through the psychrometer system, consistently gave no difference 
between the two lines for CO 2 concentration. 
The bubbling of air through water above a sintered glass filter 
for air humidification, ensured saturation of the air stream (100% RH) 
at the particular temperature at which the water bath was set. This 
saturated stream then rejoins the main air flow and, depending on the 
amount of air bypassed to the humidifier, humidification of air finally 
reaching the leaf chamber may be increased or decreased as required. 
Care was taken that humidification was never high enough to cause 
condensation in the leaf chamber at any particular temperature. 
The light source (not shown in the diagram) above the leaf chamber 
generated a large amount of heat, and a fan was therefore mounted and 
directed to blow across the water trough on top of the chamber, to 
produce cooling. 
Two psychrometers were used in the system. Readings for trans-
piration were normally taken from one of these, but the second was used 
to indicate malfunction of the other psychrometer. Once differences 
occurred between readings of the two psychrometers, the wicks were 
renewed. 
1 
....... 
Figure 6. The system used for controlling air-flow 
and temperature from 2° to 40°C. 
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Air for the system used for me a s urements fro m 2° to 40°C was 
drawn directly from the compressed air supply and p a ssed into a 
10 3 
44 gallon drum, which acted as a stabilizer to overcome the fluc tua-
tions which occurred in CO 2 concentrations of such a supply, throughout 
the day. Transpiration measurements could not be made for this s y stem 
due to problems of condensation in the air lines and the chamber, and 
thus the supply of air to the psychrometers was omitted. 
The use of a bypass flow was also omitted for the study of photo-
synthesis below ambient temperatures. Increased flow rates of air were 
not necessary in this case- as boundary layer was not controlle<l to a 
minimum level due to the nature of the plant material. With a bypass 
flow, leaf temperatures actually -increased above those attained with the 
lower flow, due to friction occurring as the air passed through holes 
in the perspex baffle plates. Bypass flow was therefore omitted. 
1 
SECTION 4. Calibra tion of the Equipment Associated with the 
Measurement of Photosynthes is 
(a) IRGA Calibration 
104 
Pure CO 2 and dry N2 from CIG gas cylinders were mixed by Wosthoff 
gas mixing pump s in the required ratio to give CO 2 concentrations from 
200 p.p.m. to 330 p.p.m. This air stream was passed through the sample 
side of the IRGA with a flow rate of about 0.5 litres/min and read 
directly against a reference supply from a calibrated cylinder of 335 
p.p.m. CO 2-dry air. This 335 p.p.m. cylinder had previously been 
calibrated from a curve obtained for air of 200 p.p.m. to 400 p.p.m. 
mixed by the pumps and read against dry nitrogen (zero p.p.m. CO 2) as 
a reference. 
The calibration line obtained (Figure 7) indicates that 1.24 chart 
units represent 1 p.p.m. CO 2 and therefore: 
Z = p.p.m. CO 2/chart unit= 0.806. 
This value is then fed into the computer programme and used to 
calculate the net CO 2 fixed by the leaf. The calculation of this is 
shown in the programme print-out in Section 7 of the Appendix. 
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Figure 7. Example of an IRGA calibration chart. 
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(b) Flowmeter Calibration 
The flowmeter used in the circuit to control the rate of air 
flow was calibrated by measuring the time taken for a known volume of 
water to be displaced by air passing through the circuit at various 
rates of flow. Variation in the flow rate was recorded as a particular 
number of units of the recorder chart. 
The equation for estimating the actual flow rate (litres/min) 
from the chart recording was derived as shown below. 
The equation for the graphed line (Figure 8) is: 
Flow (litres/min)= mX + c. 
m = slope of the line = 4 · 33 - 2 · 68 = 1 · 65 
40.3 - 19.0 21.3 
=0.0774. 
c = the intercept on the Y-axis 
= 1.2079. 
Therefore, flow rate (litres/min)= 1.2079 + F x 0.0774 
where F = the chart recorder value corresponding to the flow rate of air. 
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Figure 8. Example of a flowrneter calibration chart. 
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SECTION 5. The Recorder Chart Print-out 
X x... X X 0 X 
X X 7.: y -0 X 
X X '.X Y.. ·o X 
"'( X X X 0 X 
;{" X 2 X X 0 X 
t.: X X 0 X 
X ZE30 X X 0 X )' T X X 0 X 
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numbe sis given below . 
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Figure 9 represents a typical chart record, showing the 
flow rat e of air (channe l 1), the change in IRGA readings 
(channel 2), light level at the leaf surface (channel 3) and 
leaf t emperature (channel 4). Channels 5 and 6 show the readings 
for psychrome ters (a) and (b). Zero values for channels 1, 2, 5 
and 6 are also shown. During zero readings for the psychrometers 
the two channels are reversed. Readings of psychrometer (a) 
are those used for calculations of transpiration. During the 
zero checks, reference air flows through psychrometer (a) and 
sample air through psychrometer (b) and therefore the print-out 
is reversed, as shown. 
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SECTION 6. Equations for the Calculations of Photosynthesis, 
Transpiration) and the Adjustment of Rates of 
Photosynthesis to a Constant Stomatal Resistance 
(a) Photosynthesis = 
(r +r +r )CO 2 a s m 
C ~ 0 at saturating light 
C intensities 
(b) Transpiration e. - e = i a 
(r +r )H20 a s 
The above equations are from Gaastra (1959). 
C = CO 2 concentration of the external air, a 
C = CO2 concentration near the chloroplasts, C 
e. = H20 concentration in the intercellular spaces, l 
e = H20 concentration of the external air, a 
r = boundary layer resistance ) 
a ) to CO 2 or H20, 
r = stomatal resistance ) 
s 
rm= mesophyll resistance to CO 2 . 
r was obtained by using blotting paper replicas of the particular 
a 
leaf in the leaf chamber. 
Calculation of transpiration from the psychrometer readings and, 
thus, calculations of resistances to H20 diffusion, are given in the 
programme (Section 7 of the Appendix). 
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(c) Adjustment of temperature response curves of net photosynthesis 
to a constant stomatal resistance. 
---
-----
NP NP 
NP0 
I 
I o 
A1\ =O 
/ 
TEMPERRTUR E 
Figure 10. Diagrammatic adjustment of net photosynthesis (NP) 
to a constant stomatal resistance (r ). The 
s 
mathematical method of adjustment is given below. 
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(1) Calculate ~r = (r - r 0 ) where r 0 is the value of r about 
s s s s s 
which the NP curve is to be adjusted. 
(2) Calculate for each point on the curve, total resistance to 
CO2 uptake, Er, 
(3) 
and 
C C Er= a - c 
NP 
Er 0 = (C )/NP 0 
a 
C ~ 0 at saturating light 
C 
intensities. 
For Er at each temperature subtract the corresponding ~r 
s 
. h adj. h d. d to give t e Er , tea Juste Er. 
(4) Calculate the adjusted NP, NPadj. from: 
·Npadj• = (C )/(Er)adj. 
a 
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SECTION 7. The Computer Programme Used for the Calculations of 
Photosynthesis and Related Data and Co mputer .Print-out 
Explanation of the input data 
= 
= 
= 
= 
Flow (channel 1 of the recorder - channel 1 zero). 
CO 2 outlet air (channel 2). 
PAR (channel 3). 
Leaf temperature (channel 4). 
= Psychrometer readings Psychrometer (a) 
113 
F 
COUT 
PLIT 
TEMP 
TA 
TI Psychrometer (a) during zero checks . 
NO 
TCIN 
REA 
BR 
COR 
= Number corresponding to these readings on the chart print-out. 
= 
= 
= 
= 
CO 2 inlet level. 
2 Leaf area (cm). 
Boundary layer resistance, r . 
a 
Lowest value of r obtained during a photosynthesis run, 
s 
about which NP is corrected. 
Explanation of the ou-tput data 
NO = See above. 
TL = Leaf temperature. 
CARBOUT = 
p = 
TRANS 
RTOT 
RWLEAF 
RCLEAF 
RCTOT 
CGRAD 
COlIT 
CINT 
= 
= 
= 
= 
= 
= 
= 
= 
CO 2 concentration of the outlet air (p.p.m.). 
-2 -1 8 Photosynthetic rate (g cm sec x 10 ). 
T . . ( -2 -1 106) ranspiration rate g cm sec x . 
Total resistance to H20. 
Stornatal resistance to H20. 
Stornatal resistance to CO 2 . 
Boundary layer+ stomatal resistance to CO 2. 
Gradient in CO 2 inside and outside the leaf. 
CO 2 concentration outside the leaf. 
CO2 concentration at the rnesophyll. 
1 
I 
. 
EFF 
EFFA 
EFFB 
= 
= 
= 
Ratio of photosynthesis to transpiration. 
Ra tio of photosynthesis to CO 2 concentratio·n outside 
the leaf . 
Ratio of photosynthes is to CO 2 concentration at the 
mesophyll. 
PAR = Intensity of photosynthe tically active radiation at 
TOTR 
TOTRN 
NP 
RME 
= 
= 
= 
= 
the leaf surface (langleys/min). 
Total resistance to CO 2 uptake 
TOTR after adjusting to a constant stomatal 
resistance (r ). 
s 
Photosynthetic rate adjusted to a constant 
Resistance to CO 2 at the mesophyll. 
r . 
s 
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F5rJ2D 
The computer p rogramme used to calculate pho t osynthesis, 
transpiration and resistance changes to temp erature 
7 
89 
1 
42 
41 
43 
91 
36 
39 
71 
72 
81 
82 
C 
24/0"4/70 
PROGR A LEAFCOMP 
AEAD 160, 89) F, COUT.PL IT,TEMP,T!,TA, NO iTC!N,TC1,REA,BR,COR 
FORMAT ( 615, l, I 5 1 5F5 > 
! F I F ,LT,99,0)1 1 2 CO TI UE 
IF(T Cl,GT,0,1)42 1 41 
TC2=TC1 
IF CPL!T,GT,0,1)4~191 
PAA=PLIT 
PAR =P AR•,24/31 
IF(TCI ,GT,0,0)36t3i 
CIN=TC!N 
I F CA EA, GT,0,0)71,72 
AL::aREA 
! F ( SR ,GT,0,0)81,82 
RA 2BR 
CO TI NU E 
CALIBRATION OF FLO METER , ASS UHED TO BE LI NEAR 
FL0= 1,2079•F•, 0774 
Z=, 80 6$ K=TC2•Z•Cl $ CARB1N=TC2 $ CARBOUT=K•Z•COUT CPcCAR8lN-CAR80UT 
P=CP•FL0•3,28/AL 
C WATER VAPOUR C4 CULAT!ONS 
TL::H:MP•0,6 
WA ::a30,0-TA/4,0 
i..8~30 ,0•Tl/4,0 
C LOGlO SAT, VAP, PRESSURE AT WE T BULB OR LEAF TEMP , (MB) T= WH • 273 ,0 
SVPLOG8 =C-7, 9C298 (373,16 /T-1))+( 5,02808 • ALOG10(373 , 16 /T))•(1,3816 
1•10 •• (-7l•<10••(11.J4~•(1-T/J7~.16)1-1)l•(8,1J28•10••(•3)•(10•• 
2(-3 ,49 149 •C 373 ,1 6/~•1 J)-1Tl•CAL OG10( 1013,246)) 
T=;.JA •27.3,0 
SVPL0G A=C-7,9 0298 • 137 J,16/T~1>l•(5,0 2808•ALOG10(373, 16/T))•(l,J816 
1•10••(-7)•(10••(11,~44•(1-T/373,16))-1))•(8,1328•10••(-3)•(10•• 
2(-3,49149•C373,16/ T; l)l-17l•(AL OG 10C1013,246)) 
T=TL•273,0 
SVPL0GL =C-7,9 0298•(373 ,16/T~1))•(5,02 808•ALOG10 ( 373 ,16/T))•(1,3816 
1•1 0• •(-71•(1 0••Cll, J44•(1•T /37J,1 6) )-1))•(8,1 328•10•• (•3l•(10•• 
2(-3 , 49149•(373,16/T~l, l-l7)•( ALOG10 (1013,2"46)) 
SVPd=iO ••(S VPLOGBl 
SVPA= lO••( SVPLQGA ) 
SVPL= !O••(SVPL OGL > 
C CALC, Dl:LTA ETHE N ACTUAL VAPOUR PRES SURE ( HB ) T= WB 
DER=C0 ,0 006 6•(1 •0 ,0 01 15•TTl•1 00 0,0•C30.0•T) VAPB:svPH-OcB 
T =\./A 
DE A=co.00066•c1•0. 00115•T7>•1000.o•c3o.o.r, 
VAPA::SVPA-OE:A 
C VA POUR CO NCENT RA J ON lG/H~3) 
VC B=VAPB/303,0•217.0 
VCA=VAPA/JOJ,0•217,0 
VCO=VC A• VC8 -
TRANS:(VC U• FLO )/(AL•6o)•l OOQ 
C DIFFUS IV E RESISTA CE CALCULATIONS 
VCL=(SVPL/(TL•273,0>>•21710 
ALVCD=VCL-VCA 
A OTcAL VCO /TRANS 
RWLEAF =RTOT-RA 
RH =V CA/VCL•lOO 
C CO2 DIFFUSIVE Rl:~ J5TANCES FROM WATER RESISTANCES 
RC EAF =l,71• AW LEAF 
AC80U\JD= 1,3• RA 
RC TOT=ACLEAF•RCBOU 0 
CGAAD cP•RCTCJT 
C02=CAR80UT•,197 
EFF cP;T RAN S 
CI f =C02-CGHAD 
EFFA=P/C02 
EFFB=P /CINT 
IFCCOR,GT,0,2)201,202 
201 OCOR =CO R 
202 TOT R:: CQ2 /P SHCLOJ FF • RC LEAr-ocoR 
RME= TOTR-RCTOT 
TO TA =TOTR-RCLD!Ff 
P =C 02/TOTRN 
IF(R EA,GT,0,1)61,52 
52 ! F <N, E0 ,10)61,51 
61 PRINT 400,AL,RA,Z 
400 FORMAT(lH1,///,2F8,2,f10,t,• FOR THIS PAGE•) 
N:O 
PRINT 109 
109 FORMAT(• TIHE TEMP C020UT P TRANS RWTQT RWLE RCLEAf RC 
6TOT CGAAO CO UT Cl T Err ErFA Errs PAR TOTR TQTR N 6 P AME •) 
51 PR( T401, ,T L,CA PBOUT ,P,T AANS , RTOT ,A WLE AF;R cL EAr, Rc To ,CGRAD 
C, C02 , CI NT , EFr , EFFA , EFFB ,PA R, TO R, TOTR ,P N,R ME 
401 FORMA (/,l6,2F6.111J 7,2,CF6,2) 
=N •1 
GO TO 7 
2 CONT I UI: 
END 
115 
A typical print-out of results obtained from the computer p rogramme 
(An explanation of pri nt-out variables is given above) 
:t9, 75 0,50 0,8060 FOR T~lS PAGE 
T}ME TEMP C020UT p TRANS R1i4 TOT RWLE RCLEAF RCTOT CQRAD COUT CINT E FF' EF'F' A EFFB PAR TOTR TOTRN NP RME 
117 21,3 299,9 13,98 12,97 0,89 0,39 0,67 1,32 18,41 59,09 40,68 1,08 0,24 0,34 0,33 4,23 3,56 16,60 2,91 
118 24,0 301,3 13,06 12,31 1,29 0,79 1,35 2,00 26,11 59,36 33,24 1,06 0,22 0,39 0 I 3 3, 4,55 3,20 18,57 2,55 
119 25.8 300,3 13,85 15,53 !,11 0,61 1,05 1,70 23,47 59,15 35,68 0,89 0,23 0,39 0,33 4,27 3,23 18,33 2,58 
. 
120 27,2 300,1 14,14 19,89 Q,96 0,46 a; 7 8 1,43 20,21 59,12 38,91 0,71 0,24 0,36 0,33 4,18 3,40 17,38 2,75 
121 28,2 30Q,8 15,07 15,71 1,05 Q.55 0,95 1,60 24,05 59,26 35,22 0,96 0,25 0,43 0,33 3,93 2,99 19,85 2,34 
122 30,7 300,5 15,32 17,98 1 ,1 0 0,60 1,02 i,67 25,64 59,20 33,56 0,85 0,26 0,46 0,33 3,86 2,84 20,85 2,19 
123 36,1 301,8 13,79 26,42 1,07 0,57 0,98 1,63 22,50 59,45 36 ." 95 0,52 0,23 0,37 0,36 4,31 3,33 17,85 2,68 
124 36,4 301,8 13,79 24,19 0,98 Q,48 0 •· 8 2 1,47 20,28 59,45 39,18 0,57 0, 23 0,35 0,36 4,31 3,49 17,03 2,84 
125 37.5 301,7 13,89 27.77 Q,89 0,39 0.66 1,31 18,19 59,44 41,25 0,50 0,23 0,34 0,36 4,28 3,62 16,43 2,97 
126 40,5 302,4 13,66 33,84 0,91 0,41 0 .• 7 0 1,35 18,41 59,58 41,17 0,40 0,23 0,33 0,34 4,36 3,66 16,26 3,01 
I 
127 45,7 305,1 10,64 47,93 Q,98 0,48 0 .·82 1,47 15,59 60,11 44,51 0,22 0,18 0,24 0,34 5,65 4,83 12,44 4,18 
128 46,4 305,9 9,77 45,00 l,05 0,55 0.93 1,58 15,47 60,26 44,80 0,22 C,16 0,22 0,34 6,17 5.23 11,52 4,58 
129 48,6 30517 10,09 51, 4 4 1,03 o.53 Q,91 1,56 15,7 4 60,22 44,47 0,20 0,17 0,23 0,34 5,97 5,06 11,91 4,41 
130 49.0 310,0 5,42 36.96 1,46 0,96 1.64 2,29 12,38 61,07 48,69 0,15 0,09 0,11 0,34 11,27 9,64 6,34 8,99 
131 19,7 305,6 10,12 1 4 ,64 0,70 0,20 0.34 0,99 10,04 60,19 50,16 0,69 0,17 0,20 0,34 5,95 5,60 10,74 4,95 
132 28,5 303,5 11,95 22,33 0,89 0,39 Q,66 1,31 15,67 59,80 44,13 0,54 0,20 0,27 0,37 5,00 4,34 13,77 3,69 
133 32,9 303,5 12, 42 22,73 Q,83 0,33 0 ; 5 6 1, 21 15,0 8 59,78 44,71 0,55 0,21 0,28 0,37 4,81 4,25 1 4 ,07 3,60 
134 38,3 303,9 11,89 3 4 ,29 Q, 8 1 0 , 31 0.' 53 1 ,18 14,07 59,88 45,81 0,35 0,20 0,26 0,37 5,04 4.~o 13,29 3, 85 
135 48.4 307,5 8,24 52,9 5 0,98 0, 48 Q, 83 1,48 12,19 6 0158 4 8,38 0,16 0,14 0,17 0,37 'l , 3 5 6.!J2 9,29 5,8 7 
I 
5,60 
f-
1 36 20,2 3 02 , 9 10, 65 10 , 82 O, 98 • 0 , 4 B 0. 82 1 ,47 15,70 59,6 7 43,97 0,98 0,18 0,24 0,37 4 ,?0 12 , 49 ti I l J f-a 
~ - -
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SECTION 8. Working Diagrams of the 14co2 Equipment used to 
Measure Photosynthesis 
117 
1 
I· 
Figure 11. 14 Working diagrams of the CO2 equipment 
(1) 
(2) 
(3) 
(4) 
(5) 
(6) 
(7) 
LEGEND 
Liquid propane cylinder, Tare 26~ oz. 
Aluminium working cylinder 
Leaf clamps 
Cylinder's holding frame 
Collar frame holder 
Apparatus stand 
Sphygmomanometer gauge, Aneroid type, l\"-2" 
diam. face: working range from 0-300 mm mercury, 
calibrated in nnn mercury (available from Both 
Equipment, 73 Parramatta Rd., Camperdown, N.S.W.) 
(8) Pressure gauge (C.A. Norgren Ltd) 0-160 lb/in2 
(9) Imperial Eastman needle valve, Cat. No. 801BBP 
with 0-ring 
(10) Valve key 
(11) "Kwik" connect coupling, 1 x 298 - PD,~" tube 
diam. , 8/" pipe thread 
(12) "Record" pattern Hypodermic Syringe valve 
118 
1 
/ 
0 
/ 
--£:-.::* = PLASTIC TVeE 
•= 
•wi:TTEJt' CEUJJLOSE SLEEVE 
KNUAUNC 
FRONT ELEVATION END ELEVATION 
P L A N 
A further series of working diagrams containing the design 
features of individual components are available on reques-t. 
Two modifications have been made to the design of the equipment 
which are not illustrated in any of the figures. 
(i) The first of these involves the location of the fine teflon 
tubes which deliver labelled air to the small photosynthesis 
chambers on either side of the leaf, and return it to the 
soda-lime absorber. To protect these from accidental 
damage they have been located in a channe l running inside 
the full length of the jaws of the hand-piece. In all 
other respects they are as described. 
-
(ii) The second modification concerns the valve supplying labelled 
air from the pressure cylinder to the reservoir. The key 
(illustrated in Figure 11, Appendix) has been discarded and 
the metal needle valve replaced with a teflon valve which 
has a positive closing action and allows more accurate 
regulation of the gas flow. 
119 
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SECTION 9. Generation of Labelled (14co2) Air 
The equipment designed to generate labelled air (see Figure 12) 
consists of a stainless steel pressure retort built to withstand a 
pressure of 3,500 p.s.i. The retort consists essentially of a 
chamber in which the 14co2 is generated by injecting acid through a 
self-sealing plug in the lid of the container which, in turn, is 
bolted to the base and sealed by an 'O' ring. The generating chamber 
has a stainless steel outlet on one side leading through isolating 
120 
valves either to a vacuum pump or a high pressure cylinder. A similar 
line on the other side of the chamber contains a compound low pressure/ 
vacuum gauge with its own isolating valve and leading through another 
isolating valve to the high pressure cylinder. 
To operate , a weighed amount of labelled, high specific activity 
14 14 (50 mCi/mM) NaH co3 sufficient to generate about 15 mCi of CO 2 , 
is placed in a glass beaker in the chamber and the lid firmly bolted. 
The outlet line is then connected to a large reserve cylinder (43 1.) 
and the inlet line to a vacuum pump. The system is then evacuated 
and the isolating valves closed on both sides of the pressure retort. 
14co 2 is generated by adding excess lN H2so4 (10 ml) to the chamber 
by means of a syringe inserted through a self-sealing rubber plug. 
After withdrawal, the injection port is sealed by replacing the threaded 
steel plug . 
The pressure build-up in the retort from the generation of 14co2 
is monitored on the gauge and at intervals drawn off into the reserve 
cylinder by partially opening the fine control needle valve (isolating 
valve) on the outlet line. The vacuum in the reserve cylinder is 
14 
sufficient to withdraw all of the CO 2 generated, even when the reaction 
chamber is heated to 160°C to comp lete the reaction. Heating of the 
reaction chamber is desirable to extract the maximum amount of 14co 2 
from the reaction mixture. 
7 
t 
I Figure 12. Press ure re tort used f or t he generation of labelled 
(14co) air 2 
(1) Cylinder 
(2) Top plate 
(3) Valve screw 
(4) Lock nut 
(5) Rubber disc 
LEGEND 
(6) "Lurene 0.3" rubber ring 
(7) "Lurene 0-40" rubber ring 
(8) 8-3/8" (/J Ajax high tensile bolts 
(9) Beaker 
(10) Guide ring 
(11) S/Steel tube 3/16" O.D. 
(12) 4-insulating valves, "Imperial" 1/8" (or s i milar) 
miniature high pressure valves 
(13) Generator holding base 
(14) Compound pressure/vacuum gauge (200 p.s.i. - 30" va cuum) 
121 
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When complete , compressed air of approximately 300 p.p.m. CO 2 
is flushed through the system into the reserve cylinder, until the 
cylinder is filled to a pressure of approximately 1,200 p.s.i. 
After standing for about one week to stabilize, the CO 2 concentration 
is measured by passing the labelled air mixture through an IRGA, 
calibrated to an accuracy of± 2% with Westhoff gas mixing pumps. 
This stabilization period was necessary following problems which 
occurred during preliminary filling of cylinders. These problems 
are discussed in the next Section (10) of the Appendix. 
122 
The specific activity of the 14co 2 - air generated was determined 
on several samples taken from the reserve cylinder, and the technique 
used is given in Section 11 of ~he Appendix. The specific activity 
obtained by this technique was 0.118 µCi/µmole CO
2
. 
• 1 
SECTION 10. Storage of Labelled Air (in the Rang e fro m 300 t o 
350 p.p.m. C02l 
In initial fillings of the reserve cylinder, a cylinder of only 
0.8 litres capacity was used and filled to a pressure of 100 p.s.i. 
The concentration of the CO 2 generated in this cylinder decreased 
rapidly to below 200 p.p.m. within several hours. 
To study this stabilization problem, cylinders of various sizes 
(from 0.8 litres to 43 litres) were filled with unlabelled air of 
123 
about 300 p.p.m. to different pressures and the stabilization followed. 
It became apparent from these studies that small cylinders at low or 
high pressures, and large cylinders at low pressure, did not maintain 
CO 2 at a constant level of 300 i.p.m. but that the concentration of 
CO 2 decreased quite rapidly. The nature of the decrease indicated 
that wall adsorption of CO 2 was occurring or some chemical reaction 
may have been depleting the concentration. Large cylinders (43 litres) 
filled to about 1,200 p.s.i. pressure stabilized rapidly (in about one 
hour) to near 300 p.p.m. CO 2 . 
For all future generation of labelled CO 2 this 43 litre cylinder 
was used and filled to at least 1,200 p.s.i. 
1 
SECTION 11. Spec if ic Activity Determ inat i on 
The specific activi ty of t he labell ed a i r was deter-mi ned for 
seve r a l samp l es t aken fr om the r eserve cylinder. A known volume of 
sodium hydroxide (Na OH) in a burette was displ aced by t he labelled 
air from the cyl i nder (Fi gure 13) and the burette then s eal ed . The 
14co2 in the displaced volume was absor bed overnight by the r emaining 
NaOH (Figure 14). 
124 
The activity of the NaOH was determined by counting a 1 ml aliquot 
in a Beckman ambient temperature scintillation spectrometer, using the 
technique described in Section 12 of the Appendix. 
From the c.p.m. obtained, the specific activity of the l abelled 
air was calculated as shown below. 
Calculation 
93 ml NaOH were displaced by the labelled air of 356 p.p. m. CO 2 
(obtained from IRGA measurements). 
Therefore, 
356 x 93 cc. CO 2 were present in the 93 ml displaced volume To6 
and this is equivalent to 1.478 µmoles co2 . 
The 14co was absorbed in 16 ml NaOH remaining in the burette. 2 
The number of counts obtained from 1 ml of this NaOH = 24, 153.6 c . p . m. 
Therefore, 
total c.p.rn. in the 16 ml NaOH = 386, 456 c.p.m. 
Therefore, 
1.478 µmoles CO 2 gave 386, 456 c.p.m. 
and specific activity= 2.6147 x 105 c.p.rn./ µmoles CO 2 
= 0.118 µCi/ µmole CO 2 . 
1 
Figure 13. The system used to displace NaOH by labelled 
air for specific activity determinations 
125 
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Figure 14. The system used for the absorption of 14co
2 
by NaOH 
• 1 
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SECTION 12. Processing Leaf Discs for Counting 14co2 
A wet combus tion technique is used. The disc of tissue from 
the treated leaf is placed in the tube containing 5 ml of chromic acid 
(see below) which is immediately sealed in a three inch, wide-mouthed 
McCartney bottle (using a screw cap with a 2.5 mm thick neoprene seal ) 
containing 2 ml of 0.25 N NaOH (Figure 15). Once sealed, the bottles 
can be put aside for processing at a later time. When convenient, 
bottles containing leaf discs from a day's sampling are autoclaved at 
14 p.s.i. for 20 minutes, and then left to cool overnight at room 
temperature. Complete oxidation of the tissue occurs under these 
conditions, and the CO 2 released is absorbed by the NaOH contained in 
the base of the bottles. Loss of water from the NaOH solution reduces 
the volume of the NaOH to about 1.7 ml on average. This loss must be 
considered when calculating the total counts based on the aliquot used 
for scintillation counting. 
For counting, 1 ml of the NaOH solution is placed in the 
scintillation vial and shaken with 0.6 ml of water and 10 ml of a 
scintillation fluid made up of 2 parts of a toluene scintillation 
solution (0.5% PPO + 0.01% POPOP) and one part Triton X-100. This 
mixture forms a stable, clear emulsion at room temperature and after 
overnight storage in the dark, is counted in an ambient temperature 
scintillation spectrometer. The activity measured (c.p.m.) after 
correcting for background and quench, and scaled up to account for the 
NaOH not sampled, is multiplied by a factor (see Section 13) to give 
-2 -1 the rate of photosynthesising cm sec 
1 
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Figure 15. The system used for the wet digestion of leaf discs 
1 
LEAF DISC 
/ . 
- I 
CHROMIC ACID 
~-2ml 0.25N NaOH 
• 
Wet Digestion Mixture 
(van Slyke-Folch Oxidation - van Slyke et aZ.~ 1951) 
Mixture contains: 
25g chromium trioxide 
167 ml phosphoric acid 
333 ml sulphuric acid 
Heat to 150°C - cool before use. 
Five ml of this solution is pipetted into small test tubes for wet 
digestion of leaf discs . 
129 
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·SECTION 13. Calculation of CO2 Uptake 
Photosynthesis (P), i.e. the CO 2 taken up by the liaf, is 
-2 -1 
expressed as g CO 2 cm sec The specific activity of the labelled 
-1 
air is expressed as c.p.m. µmole CO 2 (S). Thus the grams of CO 2 
fixed in a leaf disc is equal to the ratio of the c.p.m. per leaf 
(X) per mmole -3 of the labelled air disc to the c.p.m. (4 4 . 10 g CO 2) 
standard (S.10 3) i.e. X . 44 . 10-6 The area of the leaf disc = 
s 
(1 cm diam.) is 0.785 2 cm . The exposure to labelled air lasts for 
20 sec. Discrimination against 14co2 has been calculated by Yemrn and 
Bidwell (1969) to be approximately 2%, and thus a correction factor of 
1.02 is necessary. 
130 
Photosynthesis can then be calculated from these data as follows: 
p = X. 44. 1.02 
S . 106 . 0.785 . 20 
p X 2.86 l0-6g -2 -1 = . cm sec . 
s 
X 1.09 10-llg -2 -1 = . cm sec . . 
1 
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SECTI N 14. Performance of the 14co2 Equipment 
(a) easurement of Photosynthesis comparing 14co2 and IRGA Techniques 
Four plant species, wheat, saltbush, bulrush millet and maize , 
were used for this study of measurement techniques. Botanical details 
and g r owth conditions are given in the main part of t :1e thesis. Wheat 
was grown at 21/16°C and the other three species at 27/22°C. Measure-
ments of photosynthesis were made using the 14co 2 technique and were 
compared with measurements made in a leaf chamber using an IRGA. Both 
these techniques are described in Part A of the thesis. 
On the day of measurement, half the plants of a particular species 
were b rought to · a controlled temperature room (23°C) where photosynthesis 
was measured with the IRGA, and transpiration with a differential 
psychrometer. The remaining plants were retained in the glasshouse for 
14
co measurements. 2 
Measurements were made on young fully expanded leaves of plants 
at a similar stage of development under similar temperatures and light 
conditions (0.4 langleys/min). The concentration 
315 p~~.m. for the IRGA method and 356 p.p.m. for 
of CO 2 varied, being 
14 
the CO 2 method. 
A comparable number of plants of each species were measured by both 
methods and the mean value for rates of photosynthesis, calculated in 
this vay, are given in Table 1. 
TABLE 1. -2 -1 Mean rates of photosynthesis (g cm sec ) for four 
species measured by the 14co and IRGA methods 2 
Photosynthesis (g -2 -1 X 108) cm sec 
Species 
14co IRGA 2 
Wheat 12.1 9.5 
Saltbush 15.3 12.0 
Bulrush Millet 17.8 15.6 
Maize 16.3 12.8 
1 
/ . 
The rates of photosynthesis measured by 14co2 were on average 
about 25 % higher than the rates measured by gas analysis. This 
difference was found for all species and is a consequence of a 
132 
14 higher CO 2 concentration used for the CO 2 measurements ( a difference 
14 
of 40 p.p.m.), and because the CO 2 method, in view of the brief 
exposure time , represents an estima te of actual photosynthesis rather 
than net photosynthesis, as determined by the IRGA method. There is 
no possibility that stomatal resistance may have influenced the results 
to any marked degree as the values were low in both situations. These 
results indicate that the 14co2 method can give results comparable 
with those obtained by a leaf chamber (although it is not possible 
to obtain rates for dark respiration) and could be used in many 
situations where conventional gas analysis techniques are not possible. 
(b) Diurnal Patterns of Photosynthesis under Controlled Conditions 
A f th d · f h · · · £ h 14co s a ur er emonstration o t e sensitivity o t e 2 
method for detecting differences in rates of photosynthesis, the 
technique was used to measure the diurnal pattern of photosynthesis 
in the leaves of saltbush and bulrush millet grown under natural 
light in the Canberra phytotron during the long days of summer (January), 
at day/night temperatures of 36/31°C, and growing under conditions 
described previously. The day chosen was dull with cloud cover until 
12.30 p.m. followed by intermittent sunny breaks until mid-afternoon. 
Plants were sampled at approximately hourly intervals from sunrise 
(6.00 a.m.) to sunset (6.30 p.m.). Measurements made before 8.30 a.m. 
and after 4.30 p.m. were at the night temperature of 31°C. Measurements 
of light intensity and leaf resistance (sec) using a viscous flow 
pororneter (Bierhuizen et al., 1965) were also made at each sampling 
period throughout the day. 
• J 
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The diurnal patterns of photosynthesis for the two species 
are illustrated in Figure 16 along with the values for light intensities 
and leaf resistances. The curves for both species are very similar, 
showing a slow rise in the rate of photosynthesis in the morning , 
reaching a peak about mid-day, corresponding to the short period of 
high light intensity (approximately 0.4 langleys/min), then falling 
off quite steeply in the late afternoon. Overall the rates tended to 
be low, with the exception of the noon period, which was due to the 
cloudy conditions and the higher leaf resistances experienced as a 
consequence (Slatyer, 1970). 
These results demonstrate the flexibility of the equipment and 
its sensitivity to the small diurnal changes in photosynthetic rates 
that occur in response to the changes of light intensity, which was 
the main environmental variable under the conditions chosen. 
(c) Variability of Measurements obtained by the 14co2 Method 
14 With such a technique as the CO 2 method, where the measurements 
are made only on single leaves which are judged visibly to be similar, 
but which are in fact quite different with respect to stomata, age and 
other characteristics, variability of results must be expected. To 
overcome these problems it is therefore necessary to sample a very 
large number of leaves at a single time, to determine the most realistic 
rate of photosynthesis, for a particular set of environmental conditions. 
Standard errors (S.E.) were calculated for the data obtained 
for the daily runs of photosynthesis for saltbush and bulrush millet in 
the phytotron, and also for photosynthesis rates obtained for saltbush 
in the field at Deniliquin. S.E. 's obtained for the daily runs in the 
phytotron are shown by vertical lines in Figures 16a,b and variability 
is about± 10% of the mean. S.E. 's for photosynthesis rates in the 
field are shown in Table 2 (below) and again variability is about± 10%. 
1 
Figure 16. Daily course of photosynthesis for bulrush millet 
(a) and saltbush (b) grown under controlled 
day/night temperatures of 36/31°C and natural 
light. Leaf resistance and light intensity are 
plotted separately. S.E.'s are indicated by 
vertical lines 
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TABLE 2 . -2 -1 Photosynthesis rates (g cm sec ) obtained for saltbush 
in the field , showing S.E.'s of the means 
Time 
11.00 a.m. 
12.00 p.m. 
1.00 p.m. 
2.00 p.m. 
3.00 p.rn. 
-2 -1 8 Photosynthesis Rates (g cm sec x 10) 
Day 1 
7.3 + .81 
8.6 + .50 
6.8 + .89 
7.6 + .67 
5.8 + .56 
Day 2 
9. 3 + • 50 
7.2 + .67 
5.9 + 1.0 
4.9 + 1.17 
5.1 + .53 
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SECTION 15. Assays for Carboxylating Enzyme s of c3 and c4 Plants 
Activities of both RuDP carboxylase and PEP carboxylase were 
+ determined by following the conversion of NA.DH to NAD in the presence 
of RuDP and PEP, respect ively , at 340 nm using a Zeiss PMQ II spectro-
photome ter. Reactants were pre-incubated without RuDP or PEP for 
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five minutes, and activity was measured as µmoles of substrate converted 
per minute on a fresh weigh t or protein basis. 
Ribulose 1>5 diphosphate (RuDP) carboxylase 
(i) c4 Species (Andrews and Hatch, 1971) 
The total reaction volume of 1.0 ml included the following: 
50 mM Bicine pH . 7.8, 10 mM MgC1 2 , 5 rnM6-mercaptoethanol, 2 rnM ATP, 
0.25 mJvl NA.DH, 25 mM NaHC0 3 , 0.18 rnM RuDP, 10 µg 3-phosphoglycerate kinase, 
50 µg glyceraldehyde-3-phosphate dehydrogenase and sufficient enzyme 
extract to give a linear rate for at least 10 minutes. 
(ii) c3 Species (Racker, 1957) 
The assay technique for c3 species was similar to that for c4 
species except substrate concentrations used were higher, because of 
the higher Km for substrates of RuDP carboxylase in c3 species. 
A total volume of 1.0 ml contained: 50 rnM Bicine pH 7.8, 
10 mM MgC1 2 , 5 rnM S-rnercaptoethanol, 4 mM ATP, 0.15 mM NADH, 50 mM 
NaHC03 , 1 mM RuDP, 50 µg glyceraldehyde-3-phosphate dehydrogenase, 
50 µg 3-phosphoglycerate kinase and sufficient enzyme to maintain a 
linear rate for at least 10 minutes. 
PEP Carboxylase (Walker, 1957) 
The total reaction mixture of 3.0 ml contained: 50 mM Bicine 
pH 7.6, 10 mM MgC1 2 , 5 rnM S-mercaptoethanol, 2 mM NaHC0 3 , 1 mM PEP, 
0.083 mM NA.DH and sufficient enzyme to give a linear rate for at 
least 10 minutes. 
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